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Part I: Catalytic Carbonyl-Olefin Metathesis  
Part II: Cyclopropenimines as Achiral Superbases 
Allison Kathleen Griffith 
 
 This thesis details the development and exploration of a catalytic carbonyl-olefin 
metathesis reaction. A catalytic transformation of this type has not been accomplished 
previously and stoichiometric processes were neither general nor desirable. A simple 
hydrazine catalyst was found to effect this reaction with the use of strained olefins. The 
development and optimization of this reaction, including the hydrazine catalyst, 
conditions and substrates, is discussed. Computational studies of the reaction mechanism 
are included. A stepwise process in which less strained olefins can undergo the reaction is 
also explored. Lastly, some initial explorations of transition metal complexes as catalysts 
for a carbonyl-olefin metathesis reaction are discussed, as well.  
 In the second portion of this thesis, the use of cyclopropenimines as achiral 
organic superbases will be detailed. Previously, the Lambert group has developed this 
class of compounds as viable catalysts for asymmetric Michael and Mannich reactions. 
Cyclopropenimines are more basic than other commonly used organic bases, and 
therefore, can activate less acidic substrates. A simple, achiral cyclopropenimine was 
developed for use in base catalyzed or mediated processes. Several reactions have been 
explored as a comparison of cyclopropenimines to other commonly used bases.  
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Part I: Catalytic Carbonyl-Olefin Metathesis 
Chapter 1 – Double Bond Metathesis Reactions 
Introduction 
 Double bond metathesis, in a very general sense, can be described as two double 
bonded species exchanging their bonding partners (Figure 1). Olefin metathesis and the 
Wittig reaction are two commonly used reactions that undergo this type of 
transformation.1,2,3 In both cases, a double bonded compound (olefin or carbonyl) reacts 
with some other reactive double bonded species (a transition metal alkylidene or a 
phosphorus ylide) to generate a new olefin metathesis product. These carbon-carbon bond 
forming transformations are widely utilized in the synthetic community from use in the 
synthesis of drugs, to use in industrial processes and materials synthesis. These common 
reactions will be introduced and their impact on the field will be discussed in this chapter. 
 
  
Figure 1. Double bond metathesis concept. 
 
 From the importance of double bond metathesis reactions, it can be deduced that a 
catalytic carbonyl-olefin metathesis reaction could have similar value. A catalytic 
carbonyl-olefin metathesis reaction, however, has yet to be realized (Figure 2). 















Lewis acid activation to achieve this transformation have been published previously. 





Figure 2. Select double bond metathesis reactions. 
 
 
The Wittig Reaction 
 The Wittig reaction, which was initially developed in the early 1950s, couples a 
carbonyl compound with a phosphorus ylide to form an olefin.4 This initial discovery was 
made by reacting benzophenone with methylidene triphenylphosphorane to form 1,1-
diphenylethylene in an 84% yield. As shown in Figure 3, the formal double bond between 
phosphorus and carbon reacts with a carbonyl compound to generate an olefin and 
triphenylphosphine oxide. Mechanistically, there is some debate about whether the 
mechanism is stepwise or concerted (Figure 4). In the stepwise pathway, the ylide attacks 
the carbonyl compound to form a betaine 1 which closes down to an oxaphosphetane 2.5 
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concerted [2+2] pathway to the oxaphosphetane.6 From the oxaphosphetane intermediate, 
a retro [2+2] step then yields the olefin and a phosphine oxide. The strong phosphorus-
oxygen bond is the driving force for this reaction. Depending on the type of ylide used, E 
or Z stereochemistry of the resulting olefin can be controlled.  
 




Figure 4. Mechanism of the Wittig reaction.  
 
A variety of modifications have been developed to improve the reaction, as well. 
For example, in the Schlosser modification lithium ions are present in solution which 
allow isomerization to occur at the intermediate betaine.7 This ultimately produces the 
thermodynamically stable E-isomer. Other commonly used modifications include the 
Horner-Wadsworth-Emmons (HWE) reaction8,9 and its Still-Gennari modification.10 In 
the HWE reaction, phosphonates are used rather than phosphines. The corresponding 
carbanions are more nucleophilic than phosphonium ylides and the resulting byproducts 
are easier to separate from the desired products than phosphine oxides. The Still-Gennari 


























phosphonate functionality to effect Z selectivity by destabilizing the ylide. These 
modifications have allowed for greater control over reaction outcomes. 
 Georg Wittig received the Nobel Prize in 1979 for discovering this reaction 
because of its impact on the synthesis of olefins. For example, the first industrial 
synthesis of the polyene vitamin A relied on this reaction (Figure 5).11 The synthetic 
route used by BASF resulted in the production of 600 tons per year of vitamin A.  
 
 
Figure 5. BASF's synthesis of vitamin A in the 1950s. 
 
 
 Another example of the synthetic utility of this reaction is in the synthesis of 
endiandric acid C by Nicolaou et. al. (Figure 6).12 Here, in the initial Horner-Wadsworth-
Emmons reaction, an aldehyde is converted to an α,β-unsaturated ester 3 which then 
undergoes an intramolecular Diels-Alder to form the policyclic core of the molecule 4. 
An additional HWE reaction extends the side chain to complete the synthesis. This C-C 
bond forming reaction, in addition to the Diels-Alder reaction, facilitated the rapid build 





















Figure 6. Total synthesis of Endiandric acid C by Nicolaou et. al. 
  
Efforts toward asymmetric Wittig reactions of prochiral substrates using chiral 
phosphine ylides have been disclosed as well as those toward catalytic Wittig 
olefinations. In 1989, Huang and coworkers developed a tributylarsine catalyzed 
olefination process (Figure 7).13 Treatment of an aldehyde, an α-bromocarbonyl 
compound and triphenyl phosphite with an arsine catalyst in the presence of potassium 
carbonate generates a trans-olefin. In this reaction, tributylarsine is alkylated with ethyl 
bromoacetate to form a salt, which is then deprotonated by potassium carbonate to form 
an ylide. The ylide reacts with the aldehyde to generate the product and an arsine oxide in 
a mechanism analogous to the Wittig reaction. The oxide is reduced with stoichiometric 
triphenylphosphite to regenerate the arsine catalyst. However, this reaction still forms an 
equivalent of a phosphine oxide species. More recently, a similar process was identified 
that was catalytic in phosphine. The same reaction could be effected with a phosphine 































      
Figure 7. Catalytic Wittig reactions. 
 
In conclusion, the Wittig reaction is widely used in the synthesis community, 
from natural product synthesis to industrial production. Improvements and modifications 
have been made to the reaction to avoid undesirable side products and to improve 




 Another useful double bond metathesis reaction is olefin metathesis—the metal 
catalyzed redistribution of double bonds. In the 1950s, Karl Ziegler developed a series of 
titanium-based catalysts, such as the combination of TiCl4 and Al(C2H5)3, and found that 
they effectively polymerized ethylene.15 A group at Du Pont in 1955 reported the ring-
opening metathesis of norbornene, also with a titanium-based catalyst.16 In 1964, 
researchers at the Phillips Petroleum Company found that propylene could be converted 
to equal mixtures of ethylene and 2-butene with a supported molybdenum catalyst and 
this process was titled olefin disproportionation.17 In 1967, the name olefin metathesis 



















2-pentene to 3-hexene and 2-butene with tungsten hexachloride and ethylaluminum 
dichloride.18  
 In 1971, Chauvin proposed the now widely accepted mechanism in which a 
metallocyclobutane intermediate is formed (Figure 8).19 He proposed that an olefin is first 
coordinated to the transition metal catalyst, followed by a [2+2] cycloaddition to form the 
metallocyclobutane 6. A cycloreversion forms a new olefin and releases the transition 
metal alkylidene catalyst 7. Although other mechanisms were initially proposed, such as 
a metallocyclopentane intermediate20 or a cyclobutane metal complex,17 experiments 
ultimately led to general support of the Chauvin mechanism.21,22  
 
 
Figure 8. Accepted mechanism for olefin metathesis initially proposed by Chauvin. 
 
 The Tebbe reagent, although commonly used for the olefination of carbonyl 
compounds (vide infra), was useful in providing evidence for the Chauvin mechanism. 
Grubbs was able to isolate titanocene metallocyclobutane 8 by combining the Tebbe 
reagent and neohexene in the presence of Lewis base (Figure 9).23 The 



































Figure 9. Isolation of a metallocyclobutane supports the Chauvin mechanism. 
 
 As investigations into olefin metathesis continued, many different research groups 
identified active catalysts. Richard Schrock explored molybdenum and tungsten 
alkylidenes24 while Robert Grubbs focused on ruthenium complexes for olefin 
metathesis.25 Modifications of the catalyst structure led to the development of NHC 
ligands and chelating ligands such as in Hoveyda-Grubbs catalysts. These ligands have 
led to increased thermal stability and catalytic reactivity. Several useful catalysts are 
shown in Figure 10.  
 
                   
Figure 10. Commonly used olefin metathesis catalysts. 
 
 Developing selective catalysts for this reaction has been a challenge. Several Z-
selective catalysts have been recently developed. The adamantyl substituted nitrato 
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transition state (Figure 11).26 If this catalyst is enantioenriched, it is also capable of 
performing asymmetric olefin metathesis reactions.27  
 
 
Figure 11. Z-Selective and enantioselective olefin metathesis catalyst by Grubbs. 
 
 For their contributions, Yves Chauvin, Robert Grubbs and Richard Schrock were 
awarded the Nobel Prize in Chemistry in 2005. This reaction has had a transformative 
effect on the field and select applications in natural product synthesis and materials 
science are presented herein. 
 The synthetic utility of this reaction is demonstrated in the total synthesis of 
ingenol reported by Wood in 2004 (Figure 12).28 The readily available and 
enantiomerically pure compound 14 was selected as a starting point and a ring-opening 
metathesis reaction formed the diene 15. This diene could be advanced to intermediate 

















Figure 12. Olefin metathesis reactions utilized by Wood in the synthesis of ingenol. 
 
 Olefin metathesis catalysts have also had success in ring-opening metathesis 
polymerizations (ROMP). Many commercially produced ROMP polymers such as 
polynorbornene and polydicyclopentadiene are synthesized with these well-defined 
catalysts.29 Polydicyclopentadiene, for example, is a castable, durable polymer and has 
applications in heavy machinery manufacturing.  
 Olefin metathesis has had a substantial impact on the synthetic community. It has 
enabled chemists to make new bond disconnections in organic synthesis and has greatly 
impacted polymer synthesis, as well. 
Tebbe Olefination 
 In 1978, Tebbe reported the synthesis of a methylene bridged titanium-aluminum 
complex, known as the Tebbe reagent 18 (Figure 13).30 This reagent is prepared by the 
reaction of titanocene dichloride with trimethylaluminum and has the ability to transfer a 















































           
 
Figure 13. Tebbe reagent forms a titanocene methylidene with Lewis base. 
 
 The Tebbe reagent is more nucleophilic and less basic than Wittig reagents and 
can therefore engage less reactive and enolizable carbonyl compounds. As shown in 
Figure 13, a Lewis base—commonly pyridine—is required to coordinate to the aluminum 
and release the titanocene methylidene 19. This alkylidene then reacts with carbonyl 
compounds in [2+2] addition to form a metallaoxetane intermediate. The metallaoxetane 
undergoes a retro [2+2] step to form an olefin and a titanium oxide. Analogous to the 
Wittig reaction, the titanium oxide bond formed is the driving force of the reaction and 
the reaction is stoichiometric. When the Tebbe reagent is combined with an olefin rather 
than a carbonyl compound, olefin metathesis does occur and, because a titanium oxide 
bond is not formed, these transformations can be catalytic in titanocene.30 
 Grubbs and Stille utilized an olefin metathesis and olefination sequence mediated 
by the Tebbe reagent for the total synthesis of (±)-Δ(9,12)-Capnellene (Figure 14).31 From 
intermediate 20, the Tebbe reagent affected a ring-opening olefin metathesis of the 
norbornene functionality. The resulting titanocene alkylidene 21 then engaged the nearby 
ester functionality in an intramolecular olefination step to afford the enol ether 22. 














         
Figure 14. Total synthesis of (±)-Δ(9,12)-Capnellene by Grubbs and Stille. 
 
 In conclusion, all three of these double bond metathesis reactions are useful and 
have transformed the synthetic field. The reactions go by a general [2+2] metathesis 
scheme. Although these reactions have been impactful, a carbonyl-olefin metathesis 
reaction has yet to be realized in a general, catalytic sense. The following section will 
discuss previously disclosed carbonyl-olefin metathesis reactions. 
Carbonyl-Olefin Metathesis 
 As discussed above, double bond metathesis reactions are important synthetic 
tools. A more challenging metathesis, a carbonyl-olefin metathesis reaction, has also been 
the subject of synthetic efforts over the years. Transition metal alkylidene complexes, 
photochemical transformations and Lewis acid mediated processes have been applied to 
tackle this problem and are presented herein. 
Olefination reactions, such as the Tebbe reaction, occur between transition metal 
alkylidenes and carbonyl compounds. Because an unreactive metal oxide is formed, these 
reactions are not catalytic. Grubbs and Fu developed an intramolecular ring-closing 


































molybdenum oxide formed, this is ultimately a stoichiometric olefination. A catalytic 
process would be very desirable for a reaction of this type and has yet to be elucidated. 
 
           
Figure 15. Ring closing olefination mediated by a transition metal alkylidene. 
 
 A direct [2+2] reaction between the olefin and carbonyl is thermally disallowed 
but can occur under photochemical conditions, as described in the Paterno-Büchi 
reaction. The resulting oxetanes can then undergo pyrolysis to force a retro [2+2] 
reaction. If this “cracking” happens in the opposite direction than the mode of formation, 
the result is a stepwise carbonyl-olefin metathesis reaction. This strategy was 
demonstrated in 1973 by Jones and coworkers (Figure 16).33 When oxetane 24, formed 
by the photochemical reaction between acetone and dimethyl maleate, was heated in an 
ampoule at 280 – 300 °C, the butenoate metathesis product was observed in a 90% 
conversion by NMR analysis. However, the photochemical and harsh thermal reaction 
conditions rendered this carbonyl-olefin metathesis operationally complex and limited in 
scope.  Photoinduced electron transfer could also promote cycloreversions of electron-
rich aryl-substituted oxetanes; but, again, this two-step process is not generalizable.34 
 
   
Figure 16. Paterno-Büchi reaction followed by pyrolysis of the oxetane. 
























 Sporadic examples of Lewis acid mediated carbonyl-olefin metathesis reactions 
are also present throughout the literature. Khripach discovered that the treatment of 
compound 25 with boron trifluoride diethyl etherate (in attempts to protect the keto 
group) resulted in the unexpected fragmentation to compound 26 (Figure 17a).35 
Presumably, the Lewis acid is activating the carbonyl functionality and promotes 
stepwise oxetane formation and subsequent ring opening. This transformation is, 
however, substrate specific. For example, the Z-isomer of compound 25 did not undergo 
this transformation to any extent under the same conditions.  
 
     
Figure 17. BF3 mediated carbonyl-olefin metathesis reactions. 
  
 In another example, the same Lewis acid is utilized for a similar transformation 
(Figure 17b).36 Although aryl ketone 27 is a more general substrate than that used in the 
previous example, again, superstoichiometric amounts of the Lewis acid are required and 
only three substrates are reported with yields ranging from 45-74%.  
 Carbonyl-olefin metathesis examples mediated by other Lewis acids have also 






























olefin metathesis between benzaldehyde and 2-methyl-2-butene to form β-methylstyrene 
in a 30% yield (Figure 18).37 This reaction, however, is low yielding and not general. 
Side products were reported and the scope of the reaction was limited to only one other 
similar example with benzaldehyde and 2-methylpropene.  
Recently, the same carbonyl-olefin metathesis reaction was reported with a trityl 
catalyst.38 This reaction goes by the same mechanism and has much of the same 
limitations as the previous example. Aldehydes must be aryl substituted and the olefin is 
limited to 1,1-dimethyl substituted olefins. The yields in this process range from 44-85% 
(Figure 18).  
 
 
Figure 18. Lewis acid catalyzed carbonyl-olefin metathesis reactions. 
 
In general, these previously disclosed methods for carbonyl-olefin metathesis all 
rely on the same mechanistic sequence: a [2+2] cycloaddition followed by a 
cycloreversion. To this point, there is not yet a catalytic or general process to affect this 
transformation and there is room for improvement. We, therefore, proposed using a 
thermally allowed [3+2] cycloaddition and cycloreversion sequence in hopes of finding a 
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Chapter 2 – Organocatalytic Carbonyl-Olefin Metathesis 
 
Introduction 
 As discussed in the previous chapter, a variety of carbonyl-olefin metathesis 
reactions have been explored. Yet, a general and catalytic process has yet to be identified. 
The potential implications of developing a reaction of this type are analogous to those of 
other double bond metathesis reactions. From the wide use of the Wittig reaction and 
olefin metathesis, the potential importance of a carbonyl-olefin metathesis reaction can be 
derived. For example, a ring opening metathesis could be affected with orthogonal 
functionality on either end of the metathesis product (Figure 19a). This would allow 
selective derivitazation of the molecule. Conversely, in a ring closing metathesis reaction 
orthogonal functionality would be present prior to the metathesis reaction (Figure 19b). 
This may allow simpler precursor synthesis. Another potential use of a reaction of this 
type would be a catalytic olefination reaction. This would provide a catalytic surrogate 
for the Wittig reaction (Figure 19c). Simply combining the reagents in the presence of 
some catalyst would circumvent the synthesis of Wittig reagents and also eliminate 




             
Figure 19. Examples of potential carbonyl-olefin metathesis reactions. a. Ring 
opening carbonyl-olefin metathesis. b. Ring closing metathesis. c. Olefination 
reaction. 
 
 These hypothetical transformations have yet to be accomplished and that is not 
due to a lack of effort. Previous carbonyl-olefin metathesis reactions can all be classified 
as formally [2+2] cycloadditions and cycloreversions (vide supra). In the Lambert group, 
we hypothesized that a catalytic process could be developed by moving away from the 
thermally disallowed [2+2] reaction platform and instead identifying a thermally allowed 
[3+2] cycloaddition/cycloreversion sequence. We have developed the first catalytic 
carbonyl-olefin metathesis reaction using simple hydrazine catalysts and 1,3-dipolar 
cycloadditions and reversions.39  
 In this chapter, the reaction design and concept will be discussed, in addition to 
precedence for each step of the proposed catalytic cycle.  Initial investigations, catalyst 
and reaction optimization and the reaction scope will also be discussed in detail. I worked 
closely with fellow graduate student Christine Vanos on the optimization and scope of 




















 The traditional metathesis paradigm is a formal [2+2] cycloaddition and 
cycloreversion (Figure 20a). While this reaction design has been extremely useful for 
olefin metathesis and olefination reactions, it has not been amenable to a carbonyl-olefin 
metathesis reaction. This is largely because the transition metal-oxo bond formed is 
strong and catalyst turnover does not occur (Figure 20b).32  
 
     
 
 
Ultimately, these reactions involve a double bonded species combining with some 
reactive coupling partner in a formal [2+2] reaction to arrive at a pseudosymmetric 
intermediate (Figure 21a). This intermediate then undergoes a [2+2] retrocycloaddition to 
form metathesis products. We hypothesized that we would need to maintain two critical 
aspects of this platform. One coupling partner must be readily transformed into a reactive 
species and the reaction must also proceed through a psuedosymmteric intermediate. But, 
instead of a [2+2] reaction platform, we could utilize a thermally allowed [3+2] concept  































Figure 20a. Traditional [2+2] metathesis paradigm. b. [2+2] 




   
 
 
1,3-dipolar cycloadditions of azomethine imines, where X = N, successfully meet 
the required criteria (Figure 21c).41 A carbonyl compound can be readily converted into 
an azomethine imine via a condensation with a hydrazine to form the desired reactive 
coupling partner. Upon cycloaddition with an olefin, a pseudosymmetric pyrazolidine is 
formed. This condensation and cycloaddition would constitute the first half of our 
proposed catalytic cycle (Figure 22). From the pyrazolidine intermediate, a 
cycloreversion and subsequent hydrolysis would generate the metathesis products and 
regenerate the hydrazine catalyst. The cycloreversion must occur in the orthogonal 
direction of the cycloaddition to form products rather than revert to starting materials. 





























































Figure 21a, b. [2+2] in comparison with a [3+2] reaction 








1,3-Dipolar Cycloadditions of Azomethine Imines 
 Azomethine imines were first identified by Huisgen in 1960 as he was exploring 
the concept of 1,3-dipolar cycloadditions.42 The first azomethine imine isolated, 
compound 31, was synthesized by combining para-chlorobenzenediazocyanide 30 and 
diazafluorene 29 to form the azomethine imine as orange-red crystals (Figure 23). The 
cycloaddition of this new class of compounds was explored with a variety of 




























Figure 22. Proposed catalytic cycle for a hydrazine catalyzed 





Figure 23. First azomethine imine isolated and subsequent cycloaddition reactions. 
 
Huisgen also synthesized azomethine imines, such as compound 33, from 3,4-
dihydroisoquinoline. He reported that they “combine so smoothly with all kinds of 
alkenes (except for the highly alkylated ones) that they may be recommended as 
analytical reagents for the identification of olefins.” The quantitative reaction with 
norbornene is shown in Figure 24.44  
 
     
Figure 24. Facile cycloaddition with norbornene. 
 
 Huisgen also identified the condensation of hydrazines with carbonyl compounds 
as a general synthetic approach to azomethine imines in 1960. He noted that the ability of 
the azomethine imine to undergo a cycloaddition would be evident even at modest 
equilibrium concentrations.41 As suggested, cycloadditions can occur by forming the 
azomethine imine in situ. For example, in Figure 25, combining formaldehyde, hydrazine 















R = Ph                92% yield















in 73% yield.45 Interestingly, the dimer of the azomethine imine 36 was also formed in a 
10% yield. 
 
   
Figure 25. Three component cycloaddition. 
 
 In summary, azomethine imines can be formed readily by condensation of a 
hydrazine with a carbonyl compound. This meets our required criteria of converting a 
reactant into a reactive coupling partner. Azomethine imines also smoothly undergo 
cycloadditions with dipolarophiles of varying reactivity profiles to yield 
pseudosymmetric pyrazolidines. Thus, this platform seems ideal for the first half of our 
proposed catalytic cycle. 
 
1,3-Dipolar Cycloreversions of Pyrazolidines 
 Cycloreversion of a pyrazolidine is the second step of our proposed catalytic 
cycle. This step is much less precedented in the literature and only three examples were 
found. Despite the scarcity of examples, this cycloreversion process is a thermally 
allowed, suprafacial process and we hoped that we could affect it in our reaction.46 
 The first example of a cycloreversion of a pyrazolidine is presented by Burger et. 
al.47 As shown in Figure 26, an electrocyclic ring opening occurs to form azomethine 
imine 37.48 The CF3 electron-withdrawing groups are adjacent to the positively charged 


























tetracyanoethylene to form pyrazolidine 38. Upon mild heating for several days, the 
cycloreversion occurs in the orthogonal direction to form the more stable azomethine 
imine 39 in an 81% yield. The electron-withdrawing groups are now stabilizing the 
negatively charged nitrogen atom and electron-donating groups are stabilizing the 
positively charged nitrogen atom. This drives the reaction toward metathesis products 
rather than starting materials or a mixture of products. This reaction is the only example 
of a cross metathesis of the type we are trying to accomplish (generating metathesis 
products and not reverting to starting materials, as in the following two examples). 
However, this molecule is contrived to undergo the metathesis and is not very general. 
 
    
Figure 26. Metathesis reaction via a cycloreversion. 
 
 Gandolfi reported that conjugation forming in the dipolarophile facilitated the 
cycloreversion of pyrazolidines.49 The cycloadduct 40 with a carbonyl functionality 
adjacent to the ring underwent a cycloreversion upon heating at 140 °C for 100 hours. 
The resulting azomethine imine was trapped with norbornene to form pyrazolidine 41 in 








































cycloreversion did not occur. In this case, the cycloreversion required high temperatures, 
long reaction times and conjugation in the resulting dipolarophile. 
 
        
Figure 27. Cycloreversion facilitated by conjugation of the dipolarophile. 
 
 The final example reported for a cycloreversion of this type was reported by Le 
Fevre in 1979.50 Here, pyrazolidine 43 undergoes the reaction in refluxing toluene over 
92 hours. The olefin 44 was isolated in a 57% yield.  
 
        
Figure 28. Cycloreversion of a pyrazolidine. 
 
 In conclusion, both steps of our proposed catalytic cycle are precendented. The 
condensation and cycloaddition steps appear to be facile. The cycloreversion does seem 
to be a higher energy process requiring high temperatures and long reaction times, but 







































 With the precedence for our proposed catalytic cycle in mind, we set out to 
identify a viable hydrazine catalyzed process. 1,2-dimethylhydrazine dihydrochloride is a 
commercially available alkyl-substituted hydrazine. We hypothesized that having a 
symmetric hydrazine would facilitate the reaction by way of a psuedosymmetric 
intermediate. In initial screening studies for a variety of reactions, both intra- and 
intermolecular, we found no evidence of metathesis products. Figure 29 shows an 
example of an intramolecular substrate and the conditions screened in attempts to affect a 
metathesis reaction.  
In our screening of many reactions, we tested a variety of hydrazines, including 
those with aryl and acyl substitutents. Depending on the hydrazine used, we observed 
either exclusively the desired cycloadduct or starting materials in addition to trace 
amounts of what we hypothesized was the dimerization of the azomethine imine. 
Although the desired pyrazolidines were observed in many reactions, under no conditions 
were we able to observe a cycloreversion to metathesis products.  
 
   
 
 
Finally, we selected a cyclopropene olefin substrate with the hypothesis that ring 










additives: HCl, pTsOH, heat,
 MeI, AcCl, Et3N, H2O, CAN




energy of 55 kcal mol-1.51 This is quite a large energy difference in comparison to acyclic 
olefins or even moderately strained olefins such as norbornene (20 kcal mol-1 ring strain).  
 
                   
Figure 30. Strain release of cyclopropenes drives the reaction. 
 
The release of the strain should facilitate the cycloreversion in the orthogonal 
direction to form metathesis products (Figure 30). Interestingly, Grubbs et. al. utilized a 
cyclopropene when identifying an early well-defined ruthenium carbene catalyst for 
olefin metathesis.52 In this example, because of the ring strain, the cyclopropene ring 




Figure 31. Use of cyclopropenes in early olefin metathesis studies. 
 
A cyclopropene substrate 46 was synthesized according to literature procedures 







































catalyzed coupling of the acetylene with dimethyl diazomalonate yields the cyclopropene 
core. Reduction to the diol and subsequent protection yielded the desired substrate 46. 
 
      
 
 
The cyclopropene was treated with a 50 mol% catalyst loading of 
dimethylhydrazine dihydrochloride in the presence of benzaldehyde in acetonitrile. After 
heating for 6 h and a basic workup, we observed a ring-opening carbonyl-olefin 
metathesis to yield the β,γ-unsaturated aldehyde 47 in an 18% yield (Figure 9b). 
Although there is no apparent catalyst turnover and the yield is quite low, this was 
nonetheless a proof of concept.  
        
            
 
Optimization and Scope 
 A small library of hydrazine catalysts was synthesized and screened to improve 















     
















Figure 32. Synthesis of cyclopropene substrate. 






Table 1. Library of hydrazine catalysts. 
improvement in yield while electron-defecient hydrazines, such as those with aryl or acyl 
substituents 53-56, did not effect the reaction to any extent. Cyclic hydrazines did not 
improve the reaction, either. 
 
 
                
 
 In our initial reactions with the dimethylhydrazine catalyst, we did observe some 
catalyst degradation in the form of what we believed to be a bisimine byproduct 57 
(Figure 33). Presumably, the chloride counter ion can dealkylate the quaternary nitrogen 
atom of the azomethine imine. We hypothesized that blocking this position would reduce 







R • 2 HCl
MeCN, 0.1 M





























































Figure 33. Catalyst degradation pathway. 
48 49 50 
51 52 
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Another hypothesis made about the catalyst structure is that the lone pair orbitals 
on the nitrogen atoms require a periplanar orientation to facilitate a cycloreversion. It 
could be expected that the methyl groups of the pyrazolidine intermediate would be 
oriented in an anti conformation to minimalize steric interactions (left). However, in this 
conformation the orbitals would not be in alignment for a cycloreversion. If, however, the 
catalyst had a forced cis conformation (right), then the syn periplanar alignment of 
electrons would lower the activation energy for the cycloreversion.  
 
 
Figure 34. Orbital alignment for cycloreversion 
  
With these two concepts in mind, we identified the bicyclic 2,3-
diazabicyclo[2.2.1]heptane catalyst 60. This catalyst was synthesized readily according to 
literature procedures (Figure 35).34,54 A Diels-Alder reaction between cyclopentadiene 
and azo compound 58 forms the bicylic core 59. This is a scalable five step synthesis 
with which several grams of the protected catalyst can be synthesized. By selecting Boc 
protecting groups, an acidic deprotection generates the desired hydrazine as the 





   
 
With the catalyst in hand, treatment of benzaldehyde and cyclopropene with a 50 
mol% hydrazine catalyst loading resulted in a 60% yield of the desired metathesis 
product (Figure 36). This is a marked improvement over the dimethylhydrazine catalyst 
and also indicates that some catalyst turnover is occurring. 
 
          
Figure 36. Bicyclic catalyst significantly improves reaction. 
  
Control experiments were conducted to verify that a background reaction was not 
occurring (Table 2). Indeed, the hydrazine catalyst is required to effect the reaction. No 
product was observed in the presence of only acid or ammonium salts. We next 
investigated the role of water in the reaction (Table 3). Water is involved in the catalytic 
cycle with the condensation and hydrolysis steps. However, we found that any additional 












96% yield 81% yield































once optimal conditions were in hand and, again, the addition of water diminished the 
yield.  
Because the hydrazine catalyst is in the dihydrochloride salt form, the reaction is 
operating with two equivalents of acid present relative to the catalyst. We found that 
altering this ratio by adding base or buffer solutions to the reaction decreased the yield 
(Table 3). Half an equivalent of triethylamine lowered the yield to 35%, while a neutral 
reaction (1 equivalent of base) or a basic reaction (1.5 equivalents of base) further 
diminished the yield. Although acid does not effect the transformation on its own, acidic 
conditions are beneficial. Perhaps acid facilitates the condensation or hydrolysis steps. 
Bronsted acids are also known to promote cycloadditions of hydrazones.55,56 It is possible 
that acid is promoting this step, as well. 
 
Table 2. Control experiments. 








90 °C, 6 hr
BnO OBn
OAdditive













Table 3. Effect of additives on the reaction. 
    
  
 We looked to further optimize the reaction by exploring typical reaction 
parameters such as solvent, temperature and concentration. We found that polar aprotic 
solvents such as acetonitrile, dichloroethane and nitromethane are compatible with the 
reaction. Despite a higher yield with acetonitrile (60% yield) at a 50 mol% catalyst 
loading, it was noted that the reaction in dichloroethane (45% yield) was cleaner by NMR 
analysis. We therefore screened both of these solvents going forward. We moved to a 
lower catalyst loading to ensure that the 60% yield was indeed due to catalysis rather than 
a stoichiometric reaction. With a 10 mol% catalyst loading, there is catalyst turnover and 
















Additive           Yield (%)
     --
2 eq H2O              
0.5 eq Et3N           
1 eq Et3N             
1.5 eq Et3N           
pH 3 (2 %)           
 
pH 7 (2 %)           
















Table 4. Catalyst loading in acetonitrile and dichloroethane. 
      
   
 Temperature, concentration and equivalents of reactants were then examined. 
Increasing the concentration to 0.2 M improved the yield to 90% (Table 5). It was also 
found that excess aldehyde relative to cyclopropene was beneficial. Although excess 
quantities of benzaldehyde resulted in essentially quantitative conversion, a reasonable 2 
equivalents of benzaldehyde produced an acceptable 95% yield. Finally, lowering the 
temperature to 75 °C resulted in a cleaner conversion to product without impacting the 
yield. The lower limit of the catalyst loading was 10 mol%. 
     
Table 5. Temperature, concentration and equivalents screen. 





90 °C, 24 hr
BnO OBn
O
Solvent           Catalyst Loading      Yield (%)
                               (mol%)           6 h       24 h
MeCN                     50                   60 
MeCN                     10                   24        42
 
DCE                        50                   45















90                 0.1                  1                      70
90                 0.2                  1                      90
90                 0.2                  2                      95
90                 0.2                  4                    100
75                 0.2                  2                      95




With these optimized conditions in hand, we looked to investigate the scope of the 
reaction (Table 6). The yields are from moderate to good and a range of aryl aldehydes 
are compatible with the reaction. All reactions yield exclusively the trans-unsaturated 
aldehydes and these were isolated or, in some cases, reduced to the alcohol product for 
isolation.  Electron-rich and -deficient aryl aldehydes are amenable to the reaction. There 
appears to be an inverse correlation with the electron-rich aldehydes (64-67) and product 
yields, which could be due to the instability of the electron-rich styrenyl functionality of 
the metathesis products. The rate of conversion with electron-deficient aryl aldehydes 
(70,71) is considerably slower than that of other substrates and these reactions require 48 
h. This is consistent with a typical electron demand cycloaddition from the HOMO of the 
azomethine imine.57 Naphthyl (67,68) and heteroaryl aldehydes such as furfural (62) and 
thiophenecarboxaldehyde (63) are also viable substrates.  
Aliphatic aldehydes (69) were somewhat problematic in the reaction. With an 
enolizable aldehyde, a variety of undesired side reactions could occur. But, with slow 
addition of the hydrocinnamaldehyde over 48 hours we were able to obtain a modest 
yield. Acetoxy, thioethers and silylethers are tolerated substituents on the cyclopropene 
substrate (72-74). Notably, sulfur functionalities are tolerated in both the aldehyde and 
olefin reactants. Soft heteroatoms tend to be problematic with metal catalysts due to 
catalyst poisoning.58  
The olefin substrate is quite limited in scope, however. A butyl group on the 
olefin of the cyclopropene substrate shuts down the reaction. Less strained olefins, such 





Table 6. Substrate scope of carbonyl-olefin metathesis. 
         
 
One interesting note from completing this substrate scope was that, especially 
with the electron-rich substrate anisaldehyde, we observed a subsequent addition of 
cyclopropene to the product to generate a dimer 75. This compound was not isolated but 
we observed shifts in the crude NMR spectra consistent with the product and also 
observed a mass corresponding to this compound in the LR-MS. If the reaction is 
conducted with a substoichiometric amount of aldehyde, the yield increases to 20%. 
R2 R3





























































a isolated as alcohol (after NaBH4 reduction)b NMR yield
61 62 63 
64 65 66 
67 68 69 
70 71 




Although initial explorations did not lead further, it is nonetheless formally an 
organocatalytic olefin metathesis and could have interesting polymerization potential.  
 
        
Figure 37. Addition of second cyclopropene unit to metathesis product. 
 
 
In summary, a carbonyl-olefin metathesis reaction between aryl aldehydes and 
3,3-disubstituted cyclopropenes has been developed with a hydrazine catalyst. The 
reaction conditions are quite general and the only required modifications were longer 
reaction times for electron-deficient aldehydes and a slow addition for aliphatic 
aldehydes. This is the first example of a catalytic carbonyl-olefin metathesis reaction and 




 A detailed proposed catalytic cycle for the reaction is shown in Figure 38. 
Because the hydrazine is the dihydrochloride salt 76, the catalytic cycle is presumably 
going through a protonated azomethine imine or hydrazonium ion. We propose that a 
cycloaddition between the hydrazonium ion 77,78 and the cyclopropene 79 occurs to 



















cycloreversion to form the hydrazonium ion of the product 82. Subsequent hydrolysis 
forms the metathesis product 83 and reforms the hydrazine catalyst.  
 
 
Figure 38. Proposed reaction mechanism. 
  
A simple NMR study and independent synthesis of the hydrazonium ion provides 
some support for this proposed mechanism.  The hydrazonium salt 84 was independently 
synthesized from our bicyclic catalyst via a silver salt exchange followed by 
condensation with benzaldehyde.59 Although NMR shifts were inconsistent with those 
previously reported, X-ray crystallography confirmed the structure as the Z-isomer of the 


















































Figure 39. X-ray crystal structure of the isolated hydrazonium salt. 
 
Although the Z-isomer is isolated, we hypothesized that an exo cycloaddition of 
the E-isomer is favored because of a minimization of steric congestion with the 3,3-
substituents on the cyclopropene.60 Isomerization of these compounds is known to occur 
readily, particularly in the presence of acid.61 If the cycloaddition were to proceed from 
the Z-isomer, the Z-isomer of the metathesis product would form (Figure 40). We do not 
observe this stereochemistry under any conditions and, although it is possible that the Z-
product could isomerize, we hypothesize that the hydrazonium salt isomerizes prior to 
undergoing the cycloaddition. Computational studies have also been completed regarding 
this step of the catalytic cycle (vide infra).  
 
                     
Figure 40. Cycloaddition proceeding via the Z isomer. 
  
With the hydrazonium salt in hand, we turned toward an NMR study of the 

























catalytic reaction in deuterated acetonitrile. In the top spectrum (24-hour time point), 
peaks corresponding to product labeled C can be observed. In the initial time point (2nd 
spectrum), the hydrazonium ion D can be observed in the baseline. The lower two spectra 
depict the stoichiometric reaction between the hydrazonium ion D and cyclopropene 
substrate B. The hydrazonium ion peaks correspond to those observed in the baseline of 
the catalytic reaction. At the 6-hour time point, product peaks have grown in, and while 
they do not line up with the shifts of the metathesis product C, this is because the reaction 
is anhydrous in the absence of a condensation step. Thus, the peaks are consistent with 
the hydrazonium ion of the metathesis product E. Upon aqueous workup, the metathesis 
product was obtained. Thus, the hydrazonium ion effects the metathesis reaction and is 
also present during the catalytic process. Of our proposed catalytic cycle, we have 
observed two intermediates. We did not observe the pyrazolidinium ion, however. This 




    
 
 















































































 After our initial publication, we collaborated with Ken Houk and his group at 
UCLA on a density functional theory (DFT) study of the reaction.40 These studies were 
done with the M06-2X functional, which the Houk group has previously identified to be 
relatively accurate for the energetics of cycloadditions.62 
 The Gibbs free energies for the proposed catalytic cycle are shown in Figure 42. 
Methoxymethyl (MOM) substituents are used in place of the benzyloxymethyl 
substituents on the cyclopropene for simplification of the calculations. The condensation 
of the doubly protonated catalyst with benzaldehyde is exergonic by 8.1 kcal mol-1. The 
Z-isomer of the hydrazonium ion 85 is calculated to be 1.7 kcal mol-1 more stable than 
the E-isomer 86. This is consistent with the experimental isolation of the Z-isomer. From 
these two isomers, eight transition states are possible in the cycloaddition with 
cyclopropene. The three lowest energy transition states are shown in Figure 43.  
 
 













































































Figure 43a. E-hydrazonium salt in exo transition state. b. E-hydrazonium salt in 
endo transition state. c. Z-hydrazonium salt in exo transition state. 
 
Cycloadditions from the higher energy E-hydrazonium salt are most favorable 
with the exo transition state 90 being 1.6 kcal mol-1 lower in energy than that of the endo 
transition state 91. The lowest energy transition state from the Z-hydrazonium is an exo 
cycloaddition 92, but it is 3.4 kcal mol-1 higher in energy than that of the E-isomer. As 
discussed above, the cycloaddition from the E-hydrazonium generates the E-product 
while a cycloaddition from the Z-isomer would generate the Z-product. Complete E-
selectivity is observed experimentally and this is consistent with this energy difference 
that predicts an E/Z ratio of more than 100:1.  
Returning to the catalytic cycle in Figure 42, the formation of the cycloadduct 87 
is highly exergonic making the cycloaddition irreversible. The proton transfer to form the 
retro-cycloaddition precursor 88 is exergonic and the subsequent cycloreversion is 











ΔΔG = 0.0 kcal mol-1 ΔΔG = 1.6 kcal mol-1






metathesis product and regenerate the catalyst requires 12.1 kcal mol-1, and, therefore, the 
hydrazonium of the product is the resting state of the catalytic cycle. The energy 
discrepancy between the hydrazonium 89 on the right and left of the figure is due to 
incorporating the energy of the cyclopropene and its strain release. The free energy 
barrier of the entire reaction is 27.3 kcal mol-1, which is consistent with the experimental 
reaction temperature range of 75-90 °C. 
Another report by Zhang details a DFT study on our carbonyl-olefin metathesis 
reaction.63 Although he also calculated that the cycloreversion would be facile relative to 
the cycloaddition, he claimed that the rate-determining step of the reaction was the proton 
transfer step. Zhang calculated this step to require 42.1 kcal mol-1, or under catalysis by 
water to require 30.9 kcal mol-1. Proton transfers between amines, however, has been 
reported to be a low energy process.64 Experimentally, under no conditions do we 
observe a pyrazolidinium salt and this supports the Houk group’s calculations that the 
cycloaddition is rate determining. 
 To this point, the scope of the reaction has been limited to the cyclopropene olefin 
substrate. Through our collaboration with the Houk group, we also looked into the use of 
other olefins in this reaction computationally. Lowest energy transition states for 
cycloadditions and cycloreversions derived from olefin substrates with varying degrees of 
ring strain were found. With regards to the cycloaddition step, olefins ranging from 
cyclopropene to acyclic 2-butene do not have a large change in the activation energy. 
Calculated values ranged from 18-26 kcal mol-1 (Scheme 1a). This is consistent with 
experimental observations that most olefins will undergo a [3+2] cycloaddition regardless 






Scheme 1a. Energies associated with the cycloadditions of various olefins. b. 
Correlation between activation energy and strain release. c. Correlation between 
activation energy and distortion energy. 
       
The activation energy for cycloaddition was plotted against the strain release 
associated with the cycloaddition and there was not a strong correlation (r2 = 0.2) 
(Scheme 1b). When the activation energy was plotted against the distortion energy—or 
the energy required for the olefin to distort into the transition state conformation—there 
is a stronger correlation (r2 = 0.84) (Scheme 1c). Therefore, the strain release does not 
play a large role in facilitating the cycloaddition and this step is affected by the distortion 
energy of the olefin.  
 For the cycloreversion step, however, the activation energies increase quite 
dramatically when moving to less strained olefins. With unstrained, acyclic 2-butene the 
activation energy increases to 40.3 kcal mol-1 (Scheme 2a). The activation energies for 
MOM
MOM
Alkene           ΔGact          ΔEstrain      ΔEdistortion
21.6             -26.4            19.7
24.4             -3.7              23.2
25.0              0.4              23.3
24.0             -9.6              19.9
18.3             -6.7              16.8
26.0             -1.0              25.9
































































cycloreversion were plotted against the strain release associated with cycloreversion and 
there was a strong correlation (r2 = 0.89) (Scheme 2b). This indicates that the driving 
force for the cycloreversion is indeed strain release as we hypothesized.  
 
 
Scheme 2a. Energies associated with cycloreversion for various olefin cycloadducts. 
b. Correlation between activation energy and strain release. 
 
Looking at these energy barriers in bar graph form, it is clear why the 
cyclopropenes are viable substrates (Figure 44). They are the only substrate in which the 
cycloaddition barrier is higher in energy than that of the cycloreversion. A cyclobutene 
could likely be a viable substrate, but this was not thoroughly explored, as it wouldn’t be 
Substrate           ΔGact          ΔEstrain
18.8             -28.1
23.9             -26.9
33.7              -7.2
35.3             -10.4
38.8             -10.0
40.3                0.0
















































































a large improvement in scope. Initial investigations were plagued by electrocyclic ring 
opening of the cyclobutene substrate. But, moving to less strained olefins such as 
cyclopentenes or norbornenes, the cycloreversion step becomes quite high in energy.  
 
 
Figure 44. Activation energies for cycloadditions and cycloreversions for various 
olefins. 
  
Regardless of the high activation energies, we wanted to expand the scope of the 
reaction and probe what was required to lower the energy barrier of the cycloreversion. 
These efforts are the topic of Chapter 3.   
 
Conclusions  
 This chapter documents the first catalytic carbonyl-olefin metathesis reaction. A 
simple hydrazine bicyclic catalyst successfully affects this transformation. By applying a 
[3+2] reaction platform to double bond metathesis, this method utilizes azomethine 
imines and their 1,3-dipolar cycloadditions in a novel way. The ring opening metathesis 
of cyclopropenes with aryl aldehydes is a simple protocol for the formation of β,γ-
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General Information. All reactions were performed using oven-dried glassware under 
an atmosphere of dry argon. Reagents were transferred by syringe under argon. Organic 
solutions were concentrated using a Buchi rotary evaporator. Dichloroethane (DCE) was 
freshly distilled over CaH2 under argon. All liquid aldehydes were purified by distillation 
prior to use, and all solid aldehydes were purified by recrystallization. All other 
commercial reagents were used as provided. Flash column chromatography was 
performed employing 32-63 µm silica gel (Dynamic Adsorbents Inc). Thin-layer 
chromatography (TLC) was performed on silica gel 60 F254 plates (EMD). 
1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300, DRX-400, and 
DRX-500 spectrometers as noted. Data for 1H NMR are reported as follows: chemical 
shift (δ ppm), multiplicity (s = singlet, brs = broad singlet, d = doublet, dd= doublet of 
doublets, t = triplet, q = quartet, m = multiplet), coupling constant (Hz), integration, and 
assignment. Data for 13C NMR are reported in terms of chemical shift. Low- resolution 
mass spectra (LRMS) were acquired on a JEOL JMS-LCmate liquid chromatography 











Synthesis of Cyclopropenes: 
      
 
 
1,1’-[2-cyclopropen-1-ylidenebis(methyleneoxymethylene)]benzene:1 Prepared in the 
literature sequence shown above. Clear oil. 1H NMR (300 MHz, CDCl3) δ 7.24-7.34 (m, 
12 H, ArH, =CH), 4.49 (s, 4H, CH2Ph), 3.54 (s, 4H, CH2O). 13C NMR (100 MHz, 
CDCl3): 138.89, 128.46, 127.78, 127.59, 116.18, 76.40, 72.88, 43.60. 
 
 
1,1-bis((acetoxy)methyl)cycloprop-2-ene: To a solution of 1,1-dimethanol-
cyclopropene (0.5 g, 5 mmol, 1 eq.) and pyridine (2.02 ml, 25 mmol, 5 eq.) at room 
temperature in DCM under argon, acetic anhydride (1.04 ml, 11 mmol, 2.2. eq.) was 
                                                
1 Kramer, K. Org. Lett. 2011, 13, 819. 












































slowly added. The reaction was stirred for approximately 18 hours, then washed with sat. 
NH4Cl, brine and water. After drying with sodium sulfate, the reaction was concentrated. 
The product was purified by column chromatography on Si (10% EtOAc/hex) to yield the 
product as a clear oil (800 mg, 4.34 mmol, 87% yield.) 1H NMR (300 MHz, CDCl3) δ 
7.23 (s, 2H, =CH), 4.07 (s, 4H, CH2O), 2.05 (s, 6H, OCH3); 13C NMR (CDCl3, 75MHz): 
171.11, 114.69, 69.99, 22.74, 21.01. LRMS (APCI+) exact mass calc’d for C9H1304+ 
(MH+) requires m/z 185.07, found m/z 184.97. 
 
 
(Cycloprop-2-ene-1,1-diyldimethanol)bis(tert-butyldiphenylsilylether): Prepared in 
the literature sequence shown above. Clear oil. 1H NMR (300 MHz, CDCl3) δ 7.63-7.60 
(m, 8 H, ArH), 7.39-7.30 (m, 12 H, ArH), 7.04 (s, 2 H, =CH), 3.74 (s, 4H, CH2O), 1.02 
(s, 18 H, C(CH3)3). 13C NMR (CDCl3, 75MHz): 135.8, 134.4, 129.6, 127.7, 116.0, 68.7, 
28.4, 27.1, 19.5.  
 
 
(cycloprop-2-ene-1,1-diylbis(methylene))bis((4-bromophenyl)sulfane): To a solution 
of 1,1-dimethanol-cyclopropene (0.5 g, 5 mmol, 1 eq.) in DCM (25 mL) at 0 °C, was 
added methane sulfonylchloride (0.93 mL, 12 mmol, 2.4 eq.) and triethylamine (1.67 mL, 
12 mmol, 2.4 eq.). The reaction was stirred 0.5 hr and subsequently quenched with water. 







concentrated. The residue was purified by column chromatography on Si (40 % 
EtOAc/hex) to yield the dimesylate as a white solid (0.63 g, 50 % yield). The solid was 
then dissolved in DMF (4 mL) with 4-bromothiophenol (0.17 g, 0.92 mmol, 4 eq.) and 
potassium carbonate (0.19 g, 1.38 mmol, 6 eq.). The reaction was heated to 60 °C for 2 h. 
After cooling to room temperature, the reaction mixture was poured into water (50 mL), 
extracted with EtOAc and washed with aqueous sodium bicarbonate and brine. The 
solution was dried with sodium sulfate and concentrated. The residue was purified by 
column chromatography on Si (hexanes) to yield the product (8 mgs, 8 % yield). 1H 
NMR (300MHz, CDCl3) δ 7.24 (d, 4 H, J=8.4Hz, ArH), 7.14 (d, 4 H, J=8.5 H, ArH), 7.04 
(s, 2H, =CH), 3.20 (s, 4H, CH2O). 13C NMR (CDCl3, 75MHz): 135.94, 131.95, 130.86, 
128.95, 119.80, 42.83, 29.85.  
 
Method for Other Hydrazine Catalysts: All other catalysts were tested at 50 mol%. 
Dimethyl hydrazine dihydrochloride and diethyl hydrazine dihydrochloride are 
commercially available. Diphenyl hydrazine, 2  pyrazolidine dihydrochloride 3  and N-
(phenylacetyl)-N’-methyl hydrazine4 were synthesized according to literature procedures. 
To hydrazine (0.075 mmol), benzaldehyde (55.5 mg, 0.3 mmol, 2 eq.) was added as a 
solution in 0.5 ml MeCN, followed by a solution of cyclopropene 9 (42 mg, 0.15 mmol, 1 
eq.) in 0.25 ml MeCN.  The reaction was heated to 90 °C for 6 hours. Upon cooling to 
room temperature, the reaction mixture was diluted with DCM, washed with 1 M NaOH, 
                                                
2 Zhang, C.; Wang, Y.L. Synth. Commun. 2003, 47, 373. 
3 Wilkinson, D.E; Thomas, B.E.; Limburg, D.C.; Holmes, A.; Sauer, H.; Ross, D.T.; 
Soni, R.; Chen, Y.; Guo, H.; Howorth, P.; Valentine, H.; Spicer, D.; Fuller, M.; Steiner, 
J.P; Hamilton, G.S; Wu, Y.Q. Bioorg. And Med. Chem. 2003, 11, 4815. 




extracted into DCM, dried with sodium sulfate, and concentrated. NMR yields were 
obtained by the use of an internal standard. 
 
Synthesis of Catalyst: 
 
 
2,3-Diazobicyclo[2.2.1]heptane bis-hydrochloride: 5 , 6  Prepared by following the 
literature sequence described up to the Boc-protected hydrazine (2,3-diaza-
bicyclo[2.2.1]heptane-2,3-dicarboxylic acid di-tert butyl ester). This precursor could then 
be deprotected by adding 5 eq. 4M HCl (in dioxane) at room temperature, and stirring 
under air for 3 hours. The compound was isolated by vacuum filtration, rinsed with 
hexanes, and dried under vacuum to yield a white powder. While generally pure (by 1H 
NMR), the hydrazine could be recrystallized (EtOH/hexanes) to produce white needles. 
1H NMR (300 MHz, d6-DMSO) δ 6.7 (brs), 3.94 (s, 2H), 1.78-1.67 (m, 6H). 13C NMR 
(100 MHz, d6-DMSO): 56.88, 37.14, 26.54. LRMS (APCI+) exact mass calc’d for 
C5H11N2+ (MH+) requires m/z 99.08, found m/z 99.08. 
 
 
                                                
5 Luna, A.P.; Ceschi, M.A.; Bonin, M.; Micouin, L.; Husson, H.P.; Gougeon, S.; Estenne-
Bouhtou, G.; Marabout, B.; Sevrin, M.; George, P. J. Org. Chem. 2002, 67, 3522. 


































Intramolecular Carbonyl-Olefin Metathesis Attempts:  
 
     
2-{[(2E)-3-phenylprop-2-en-1-yl]oxy}benzaldehyde:7 Prepared according to a literature 
procedure by combining salicylaldehyde (3.2 mL, 27.9 mmol, 1 eq.), potassium 
carbonate (4.6 g, 33 mmol, 1.2 eq.) in 64 mL dry acetone, and refluxing for 24 h. The 
reaction mixture was then filtered and concentrated, then redissolved in DCM, washed 
with sat. NaHCO3 and water, then dried with sodium sulfate and concentrated. The 
product was purified by column chromatography on Si (5% EtOAc/hexanes) to yield a 
yellow solid (3.7 g, 15.7 mmol, 36% yield. 1H NMR (400 MHz, CDCl3) δ 10.55 (d, 1H, 
J=3Hz, CHO), 7.8 (m, 1H, ArH), 7.52 (m, 1H, ArH), 7.5-7.3 (m, 5H, ArH), 7.25 (m, 2H, 
ArH), 6.7 (d, 1H, J=16Hz, =CHPh), 6.3 (m, 1H, CH2CH=), 4.8 (d, 2H, J=4.8Hz, CH2). 
13C NMR (CDCl3, 75 MHz): 189.84, 161.08, 136.20, 135.95, 133.63, 128.77, 128.59, 
128.25, 126.70, 125.27, 123.52, 121.01, 113.04, 69.24. 
 
     
1,2-dimethyl-3-phenyl-4,5-hexahydrochromenopyrazolidine: This adduct was 
prepared by refluxing 2-{[(2E)-3-phenylprop-2-en-1-yl]oxy}benzaldehyde (176 mg, 0.74 
mmol, 1 eq.) and dimethyl hydrazine dihydrochloride (99 mg, 0.74 mmol, 1 eq.) in 7.5 
                                                











mL acetonitrile for 3 h. The reaction was then cooled to room temperature, diluted with 
DCM, washed with sat. NaHCO3 followed by brine. The solution was then dried with 
sodium sulfate and concentrated to yield the crude compound as a yellow oil (203 mg, 
0.72 mmol, 97% yield crude). 1H NMR (300 MHz, CDCl3) δ 7.48 (d, 2H, J=1.1Hz), 7.4-
7.29 (m, 6H), 7.23-7.17 (m, 1H), 6.96 (m, 2H), 4.13 (dd, 1H, J=4.9, 11.3Hz), 4.01 (dd, 
1H, J=4.1, 11.4Hz), 3.73 (d, 1H, J=8.1Hz), 3.46 (d,1H, J=7.7Hz), 2.72 (s, 3H), 2.65 (m, 
1H), 2.35 (s, 3H). LRMS (APCI+) exact mass calc’d for C18H21N2O+ (MH+) requires m/z 
281.16, found m/z 280.90.   
 
Procedure for Hydrazine-catalyzed Carbonyl-Olefin Metathesis: 
Hydrazine 10•2HCl was accurately measured by making a solution in anhydrous MeOH. 
Transfer of the solution to the reaction vessel was followed by concentration. The vessel 
was left under vacuum for 0.5 h to assure removal of MeOH. 
 
        
(3E)-2,2-di(methyleneoxybenzyl)-4-phenyl-3-butenol (Table 6): To hydrazine 
10•2HCl (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of benzaldehyde (55.5 mg, 0.3 mmol, 
2 eq.) in 0.5 ml DCE was added, followed by a solution of cyclopropene 9 (42 mg, 0.15 
mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated to 90 °C for 24 hours. Upon 
cooling to room temperature, the reaction mixture was diluted with DCM, washed with 1 
M NaOH, extracted into DCM, dried with sodium sulfate, and concentrated. After excess 






was then dissolved in MeOH, and 0.3 mmol NaBH4 was added. The reaction was stirred 
at room temperature for 30 minutes, then diluted with water, extracted into EtOAc, dried 
with sodium sulfate and concentrated. The product was purified by column 
chromatography on Si (5% EtOAc/hex) to yield the reduced compound as a clear oil 
(46.6 mg, 0.12 mmol, 80% yield). 1H NMR (300 MHz, CDCl3) δ 7.20-7.35 (m, 15H, 
ArH), 6.47 (d, 1H, J=16.5Hz, PhCH=), 6.18 (d, 1H, J=16.5Hz,=CHR), 4.53 (s, 4H, 
OCH2Ph), 3.80 (s, 2H, CH2OH), 3.69 (s, 4H, CH2OBn), 2.77 (brs, 1H, OH); 13C NMR 
(CDCl3, 75 MHz): 138.29, 137.42, 130.63, 130.01, 128.60, 128.53, 127.78, 127.70, 
127.52, 126.34, 73.74, 72.99, 67.29, 46.61; LRMS (APCI+) exact mass calc’d for 
C26H28O3+ (MH+) requires m/z 389.20, found m/z 389.57. 
 
 
(3E)-2,2-di(methyleneoxybenzyl)-4-(2’-methylphenyl)-3-butenal (Table 6): To 
hydrazine 10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of o-tolualdehyde (36.1 
mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by a solution of cyclopropene 9 
(42 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated to 90 °C for 24 
hours. Upon cooling to room temperature, the reaction mixture was diluted with DCM, 
washed with 1 M NaOH, extracted into DCM, dried with sodium sulfate, and 
concentrated. The product was purified by column chromatography on Silica (5% 
EtOAc/hex) to yield the compound as a clear oil (50.8 mg, 0.13 mmol, 85% yield). 1H 
NMR (300 MHz, CDCl3) δ 9.64 (s, 1H, CHO), 7.24-7.40 (m, 11H, ArH), 7.13-7.16 (m, 







OCH2Ph), 3.88 (dd, 4H, J=9.2Hz, CH2OBn), 2.26 (s, 3H, ArCH3); 13C NMR (CDCl3): 
200.81, 138.11, 136.02, 135.61, 131.48, 130.36, 128.49, 127.95, 127.78, 127.68, 127.56, 
126.22, 125.70, 73.72, 70.20, 57.96, 19.83; LRMS (APCI+) exact mass calc’d for 
C27H29O3+ (MH+) requires m/z 401.20, found m/z 401.12. 
 
 
(3E)-2,2-di(methyleneoxybenzyl)-4-(2,4’-dimethylphenyl)-3-butenal (Table 6): To 
hydrazine 10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 2,4-
dimethylbenzaldehyde (40.2 mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by 
a solution of cyclopropene 9 (42 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction 
was heated to 90 °C for 24 hours. Upon cooling to room temperature, the reaction 
mixture was diluted with DCM, washed with 1 M NaOH, extracted into DCM, dried with 
sodium sulfate, and concentrated. The product was purified by column chromatography 
on Si (5% EtOAc/hex) to yield the compound as a clear oil (40.6mg, 0.1 mmol, 66% 
yield). 1H NMR (300 MHz, CDCl3) δ 9.63 (s, 1H, CHO), 7.29-7.34 (m, 11H, ArH), 6.96 
(m, 2H, ArH), 6.66 (d, 1H, J=16.5Hz, ArCH=), 6.96 (d, 1H, J=16.5Hz, =CHR), 4.55 (s, 
4H, OCH2Ph), 3.87 (dd, 4H, J=9.1Hz, CH2OBn), 2.29 (s, 3H, ArCH3), 2.24 (s, 3H, 
ArCH3); 13C NMR (CDCl3, 75 MHz): 200.83, 138.13, 137.75, 135.44, 133.11, 131.29, 
131.14, 128.47, 127.75, 127.66, 126.95, 125.56, 125.07, 73.69, 70.15, 57.93, 21.19, 










(3E)-2,2-di(methyleneoxybenzyl)-4-(4’-methoxyphenyl)-3-butenal (Table 6): To 
hydrazine 10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 4-anisaldehyde (40.8 
mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by a solution of cyclopropene 9 
(42 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated to 90 °C for 24 
hours. Upon cooling to room temperature, the reaction mixture was diluted with DCM, 
washed with 1 M NaOH, extracted into DCM, dried with sodium sulfate, and 
concentrated. The product was purified by column chromatography on Si (5% 
EtOAc/hex) to yield the compound as a yellow oil (31.2 mg, 0.075 mmol, 50% yield). 1H 
NMR (300 MHz, CDCl3) δ 9.59 (s, 1 H, CHO), 7.29 (m, 12 H, ArH), 6.83 (d, 2 H, J=8.7 
Hz, ArH), 6.39 (d, 1 H, J=16.5 Hz, ArCH=), 5.99 (d, 2 H, J=16.8 Hz, =CHR), 4.54 (s, 4 
H, OCH2Ph), 3.86 (dd, 4 H, J=9.0 Hz, CH2OBn), 3.79 (s, 3 H, OCH3); 13C NMR (CDCl3, 
75 MHz): 200.79, 159.61, 138.14, 132.82, 129.50, 128.50, 127.78, 127.74, 127.72, 
122.24, 114.09, 73.68, 70.01, 57.64, 55.43; LRMS (APCI+) exact mass calc’d for 
C27H29O5+ (MH+) requires m/z 417.20, found m/z 416.07. 
 
 
(3E)-2,2-di(methyleneoxybenzyl)-4-(4’-nitrophenyl)-3-butenal (Table 6): To 
hydrazine 10•2HCl  (5.3 mg, 0.03 mmol, 0.2 eq.), a solution of p-nitrobenzaldehyde 
(45.3 mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by a solution of 










°C for 48 hours. Upon cooling to room temperature, the reaction mixture was diluted 
with DCM, washed with 1 M NaOH, extracted into DCM, dried with sodium sulfate, and 
concentrated. The product was purified by column chromatography on Si (5% 
EtOAc/hex) to yield the compound as a bright yellow solid (39 mg, 0.09 mmol, 60% 
yield). 1H NMR (300 MHz, CDCl3) δ 9.66 (s, 1H, CHO), 8.15 (d, 2H, J=8.7Hz, ArH), 
7.45 (d, 2H, J= 8.7 Hz, ArH) 7.23-7.36 (m, 10H, ArH), 6.55 (d, 1 H, J= 16.7 Hz, 
ArCH=), 6.39 (d, 1H, J= 16.7Hz, =CHR), 4.51 (s, 4H, OCH2Ph), 3.87 (s, 4H, CH2OBn); 
13C NMR (CDCl3): 200.49, 146.87, 143.15, 137.73, 131.16, 130.10, 128.53, 127.93, 
127.75, 127.04, 124.04, 73.74, 69.96, 57.85; LRMS (APCI+) exact mass calc’d for 
C26H26NO5+ (MH+) requires m/z 431.17, found m/z 431.27. 
 
 
(3E)-2,2-di(methyleneoxybenzyl)-4-(3’-bromophenyl)-3-butenol (Table 6): To 
hydrazine 10•2HCl  (2.6mg, 0.015 mmol, 0.1 eq.), a solution of bromobenzaldehyde 
(55.5 mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by a solution of 
cyclopropene 9 (42 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated to 90 
°C for 48 hours. Upon cooling to room temperature, the reaction mixture was diluted 
with DCM, washed with 1 M NaOH, extracted into DCM, dried with sodium sulfate, and 
concentrated. This crude mixture was then dissolved in MeOH, and 0.3 mmol NaBH4 
was added. The reaction was stirred at room temperature for 30 minutes, then diluted 
with water, extracted into EtOAc, dried with sodium sulfate and concentrated. The 







reduced compound as a yellow oil (42 mg, 0.09 mmol, 60% yield). 1H NMR (300 MHz, 
CDCl3) δ 7.34 (s, 1H, ArH), 7.25-7.33 (m, 13H, ArH), 6.38 (d, 1H, J=16.5Hz, ArCH=), 
6.16 (d, 1H, J= 16.5Hz, =CHR), 4.53 (s, 4H, OCH2Ph), 3.79 (d, 2H, J=6Hz, CH2OH), 
3.64 (s, 4H, CH2OBn), 2.63 (s, 1H, OH); 13C NMR (CDCl3, 75 MHz): 139.63, 138.16, 
131.78, 130.33, 130.09, 129.36, 129.18, 128.57, 127.87, 127.76, 125.08, 122.83, 73.76, 
72.83, 67.16, 46.73; LRMS (APCI+) exact mass calc’d for C26H28BrO3+ (MH+) requires 
m/z 467.11, found m/z 467.05. 
 
 
(3E)-2,2-di(methyleneoxybenzyl)-4-(1-napthyl)-3-butenal (Table 6): To hydrazine 
10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 1-napthaldehyde (46.9 mg, 0.3 
mmol, 2 eq.) was added in 0.5 ml DCE, followed by a solution of cyclopropene 9 (42 mg, 
0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated to 90 °C for 24 hours. Upon 
cooling to room temperature, the reaction mixture was diluted with DCM, washed with 1 
M NaOH, extracted into DCM, dried with sodium sulfate, and concentrated. The product 
was purified by column chromatography on Si (5% EtOAc/hex) to yield the compound as 
a yellow oil (43.9 mg, 0.101 mmol, 67% yield). 1H NMR (300 MHz, CDCl3) δ 9.74 (s, 1 
H, CHO), 7.80-7.75 (m, 3 H, ArH), 7.55-7.39 (m, 4 H, ArH), 7.34-7.20 (m, 11 H, ArH, 
ArCH=), 6.17 (d, 1 H, J=16.5 Hz, =CHR), 4.89 (s, 4 H, OCH2Ph), 3.96 (dd, 4 H, J=4.5, 
9.3 Hz, CH2OBn); 13C NMR (CDCl3, 75 MHz): 200.97, 138.07, 134.70, 133.64, 131.17, 






76.73, 73.76, 70.20, 58.18. LRMS (APCI+) exact mass calc’d for C20H28O3+ (MH+) 
requires m/z 437.2, found m/z 436.9. 
 
 
(3E)-2,2-di(methyleneoxybenzyl)-4-(2’-methoxy,1-napthyl)-3-butenal (Table 6): To 
hydrazine 10•2HCl (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 2-methoxy-1-
napthaldehyde (55.9 mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by a 
solution of cyclopropene 9 (42 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was 
heated to 90 °C for 6 hours. Upon cooling to room temperature, the reaction mixture was 
diluted with DCM, washed with 1 M NaOH, extracted into DCM, dried with sodium 
sulfate, and concentrated. The product was purified by column chromatography on Si 
(5% EtOAc/hex) to yield the compound as a yellow oil (47.6 mg, 0.102 mmol, 68% 
yield). 1H NMR (300 MHz, CDCl3) δ 9.75 (s, 1 H, CHO), 8.08 (m, 1 H, ArH), 7.53 (m, 2 
H, ArH), 7.20-7.38 (m, 13 H, ArH), 6.87 (d, 1 H, J=16.8 Hz, ArCH=), 6.15 (d, 1 H, 
J=16.8 Hz, =CHR), 4.59 (s, 4 H, OCH2Ph), 3.99 (dd, 4 H, J=7.8 Hz, CH2OBn), 3.87 (s, 3 
H, OCH3); 13C NMR (CDCl3, 75 MHz): 99.86, 91.34, 88.37, 87.31, 87.04, 86.73, 86.70, 
86.57, 86.55, 86.43, 86.41, 86.27, 86.24, 85.81, 85.68, 85.07, 83.79, 76.53, 75.91, 73.76, 
73.37; LRMS (APCI+) exact mass calc’d for C31H31O4+ (MH+) requires m/z 467.21, 










(3E)-2,2-di(methyleneoxybenzyl)-4-(2-furfuryl)-3-butenol (Table 6): To hydrazine 
10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of furfural (28.9 mg, 0.3 mmol, 2 eq.) 
was added in 0.5 ml DCE, followed by a solution of cyclopropene 9 (42 mg, 0.15 mmol, 
1 eq.) in 0.25 ml DCE. The reaction was heated to 90 °C for 24 hours. Upon cooling to 
room temperature, the reaction mixture was diluted with DCM, washed with 1 M NaOH, 
extracted into DCM, dried with sodium sulfate, and concentrated. After excess furfural 
was removed by leaving under vacuum for a few hours, this crude mixture was then 
dissolved in MeOH, and 0.3 mmol NaBH4 was added. The reaction was stirred at room 
temperature for 30 minutes, then diluted with water, extracted into EtOAc, dried with 
sodium sulfate and concentrated. The product was purified by column chromatography 
on Si (5% EtOAc/hex) to yield the reduced compound as a clear oil (45.5 mg, 0.12 mmol, 
80% yield). 1H NMR (300 MHz, CDCl3) δ 7.23-7.35 (m, 11H, ArH), 6.34 (m, 1H, ArH), 
6.29 (s, 1H, ArH), 6.18 (m, 1H, ArCH=), 6.08 (s, 1H, =CHR), 4.53 (s, 4H, OCH2Ph), 
3.77 (d, 2H, J= 3.5Hz, CH2OH), 3.66 (s, 4H, CH2OBn), 2.67 (brs, 1H, OH); 13C NMR 
(CDCl3, 75 MHz): 152.96, 141.81, 138.24, 128.58, 128.54, 127.80, 127.73, 119.54, 
111.35, 107.61, 73.77, 72.86, 67.26, 46.54; LRMS (APCI+) exact mass calc’d for 











(3E)-2,2-di(methyleneoxybenzyl)-4-(2-thiophene)-3-butenol (Table 6): To hydrazine 
10•2HCl (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 2-thiophenecarboxaldehyde (33.6 
mg, 0.3 mmol, 2 eq.) was added in 0.5 ml DCE, followed by a solution of cyclopropene  
9 (42 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated to 90 °C for 24 
hours. Upon cooling to room temperature, the reaction mixture was diluted with DCM, 
washed with 1 M NaOH, extracted into DCM, dried with sodium sulfate, and 
concentrated. This crude mixture was then dissolved in MeOH, and 0.3 mmol NaBH4 
was added. The reaction was stirred at room temperature for 30 minutes, then diluted 
with water, extracted into EtOAc, dried with sodium sulfate and concentrated. The 
product was purified by column chromatography on Si (5% EtOAc/hex) to yield the 
reduced compound as a yellow oil (20.5 mg, 0.052 mmol, 35% yield). 1H NMR (300 
MHz, CDCl3) δ 7.26-7.37 (m, 10H, ArH), 7.12 (d, 1H, J=5Hz, ArH), 6.94 (m, 2H, ArH), 
6.62 (d, 1H, J=16.5Hz, ArCH=), 6.00 (d, 1H, J=16.5Hz, =CHR), 4.54 (s, 4H, OCH2Ph), 
3.79 (d, 2H, J=6Hz, CH2OH), 3.67 (s, 4H, CH2OBn), 2.66 (t, 1H, J=6Hz, OH); 13C NMR 
(CDCl3, 75 MHz): 142.84, 138.23, 129.58, 128.54, 127.80, 127.71, 127.36, 125.42, 
124.22, 123.96, 73.71, 72.81, 67.21, 46.67; LRMS (APCI+) exact mass calc’d for 











(3E)-2,2-di(methyleneoxybenzyl)-6-phenyl-3-hexenal (Table 6): To hydrazine 
10•2HCl  (2.6mg, 0.015 mmol, 0.1 eq.), and cyclopropene 9 (42 mg, 0.15 mmol, 1 eq.) in 
0.5 ml DCE at 75°C, hydrocinnamaldehyde (30.2 mg, 0.225 mmol, 1.5 eq.) was added 
via syringe pump over 48 hours as a solution in 0.5 ml DCE. Upon cooling to room 
temperature, the reaction mixture was diluted with DCM, washed with 1 M NaOH, 
extracted into DCM, dried with sodium sulfate, and concentrated. The product was 
obtained with a 35% NMR yield (compared to internal mesitylene standard). 1H NMR 
(300 MHz, CDCl3) δ 9.47 (s, 1H, CHO), 7.29-7.22 (11H, ArH), 7.18-7.11 (m, 4H, ArH), 
5.57 (m, 1H, Ph(CH2)2CH=), 5.38 (d, 1H, J=16Hz, =CHR), 4.5 (m, 4H, OCH2Ph), 3.73 
(q, 4H, J= 9.12, CH2OBn), 2.66 (m, 2H, PhCH2CH2), 2.35 (m, 2H, PhCH2CH2); 13C 
NMR (CDCl3, 75 MHz): 201.06, 138.21, 134.24, 128.61, 128.50, 128.45, 127.84, 
127.77, 127.68, 127.57, 126.05, 73.63, 69.96, 57.45, 35.68, 35.18; LRMS (APCI+) exact 




6): To hydrazine 10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 2-
methoxynapthaldehyde (55.9 mg, 0.3 mmol, 2 eq.)  was added in 0.5 ml DCE, followed 
by a solution of dimethyl cyclopropene-1,1-dicarboxylate (42 mg, 0.15 mmol, 1 eq.) in 









temperature, the reaction mixture was diluted with DCM, washed with 1 M NaOH, 
extracted into DCM, dried with sodium sulfate, and concentrated. The product was 
purified by column chromatography on Silica (5% EtOAc/hex) to yield the compound as 
a yellow oil (38 mg, 0.1 mmol, 68% yield). 1H NMR (300 MHz, CDCl3) δ 9.71 (s, 1H, 
CHO), 7.99 (d, 1H, J=8.6, ArH), 7.79 (m, 2H, ArH), 7.45 (m, 1H, ArH), 7.34 (m, 1H, 
ArH), 7.25 (m, 1H, ArH), 6.93 (d, 1H, J=17 Hz, ArCH=), 6.05 (d, 1H, J=17Hz, =CHR), 
4.59 (dd, 4H, J=11.4Hz, CH2OAc), 3.92 (s, 3H, OCH3), 2.09 (s, 6H, O2CCH3); 13C NMR 
(CDCl3): 197.76, 170.73, 154.65, 132.29, 129.80, 129.22, 128.74, 128.59, 127.97, 
126.98, 123.75, 123.62, 119.07, 113.09, 63.16, 56.64, 56.41, 20.86; LRMS (APCI+) 




enal (Table 6): To hydrazine 10•2HCl  (2.6 mg, 0.015 mmol, 0.1 eq.), a solution of 2-
methoxynapthaldehyde (55.9 mg, 0.3 mmol, 2 eq.)  was added in 0.5 ml DCE, followed 
by a solution of ((cycloprop-2-ene-1,1-diylbis(methylene))bis(oxy))bis(tert-
butyldiphenylsilane) (87 mg, 0.15 mmol, 1 eq.) in 0.25 ml DCE. The reaction was heated 
to 90 °C for 24 hours. Upon cooling to room temperature, the reaction mixture was 
diluted with DCM, washed with 1 M NaOH, extracted into DCM, dried with sodium 
sulfate, and concentrated. The product was purified by column chromatography on Silica 
(2% EtOAc/hex) to yield the compound as an oil (90 mg, 0.12 mmol, 79% yield). 1H 







ArH), 7.50-7.25 (m, 15H, ArH), 6.85 (d, 1H, J=17Hz, ArCH=), 6.22 (d, 1H, J=17Hz, 
=CHR), 4.28 (s, 4H, CH2OTBDPS), 3.84 (s, 3H, OCH3), 1.08 (s, 18H, SiC(CH3)3). 13C 
NMR (CDCl3): 201.85, 154.52, 135.87, 135.83, 133.23, 133.20, 132.44, 131.17, 129.89, 
129.83, 129.30, 129.15, 128.36, 127.88, 127.85, 127.00, 126.69, 124.31, 123.59, 120.03, 
113.14, 64.10, 60.75, 56.32, 27.03, 19.48. LRMS (APCI+) exact mass calc’d for 




(Table 6): To hydrazine 10•2HCl  (0.5 mg, 0.003 mmol, 0.1 eq.) and (cycloprop-2-ene-
1,1-diylbis(methylene))bis((4-bromophenyl)sulfane) (11 mg, 0.025 mmol, 1 eq.), a 
solution of 2-methoxynapthaldehyde (9.3 mg, 0.05 mmol, 2 eq.)  was added in 0.13 ml 
DCE. The reaction was heated to 90 °C for 24 hours. Upon cooling to room temperature, 
the reaction mixture was diluted with DCM, washed with 1 M NaOH, extracted into 
DCM, dried with sodium sulfate, and concentrated. The residue was purified by column 
chromatography on Si (1 % EtOAc/hex) to yield the product (8 mg, 0.012 mmol, 50 % 
yield). 1H NMR (300 MHz, CDCl3) δ 9.58 (s, 1H, CHO), 8.07 (d, 1 H, J=9Hz, ArH), 7.80 
(m, 2H, ArH), 7.48-7.25 (m, 11H, ArH), 6.96 (d, 1H, J=17, ArCH=), 6.16 (d, 1H, 
J=17Hz, =CHR), 3.94 (s, 3H, OCH3), 3.62 (dd, 4H, J=13Hz, CH2SAr). 13C NMR 
(CDCl3): 198.22, 154.75, 135.31, 132.35, 132.20, 132.02, 131.92, 129.85, 129.28, 








LRMS (APCI+) exact mass calc’d for C29H24Br2O 2S2+ (MH+) requires m/z 628.44, 
found m/z 629.66. 
 
 
(Z)-2-benzylidene-2,3-diazabicyclo[2.2.1]heptan-2-ium perchlorate (Figure 39): The 
perchlorate salt of catalyst 2,3-Diazobicyclo[2.2.1]heptane bis-hydrochloride was 
prepared via silver salt exchange. 2,3-Diazobicyclo[2.2.1]heptane bis-hydrochloride (0.2 
g, 1.17 mmol, 1 eq) was dissolved in water (2 mL). Anhydrous silver perchlorate (0.49 g, 
2.34 mmol, 2 eq) was dissolved in water (2 mL) and added to the hydrazine bis-
hydrochloride solution under the exclusion of light. Silver chloride precipitated 
immediately. The solution was stirred 30 min and then filtered through celite. Water was 
removed with gentle heating under vacuum and the crude bis-perchlorate salt was 
isolated. 2,3-Diazobicyclo[2.2.1]heptane bis-perchlorate (0.28 g, 0.94 mmol) was then 
dissolved in 30 mL benzaldehyde and 30 mL dry iPrOH. The solution was refluxed for 1 
hr and allowed to return to room temperature. Ether was added and a white solid 
precipitated and was isolated (0.12 g, 0.41 mmol, 35 % overall yield). X-ray quality 
crystals were grown in MeOH/Et2O. 1H NMR (300 MHz, d6-DMSO): 8.77 (s, 1H, 
ArCH=N), 8.55 (s, 1H, NH), 8.06-7.68 (m, 5H, ArH), 5.15 (s, 1H, NCH), 4.26 (s, 1H, 
NCH), 2.11-1.87 (m, 6 H, CH2); 13C NMR (d6-DMSO, 75 MHz): 144.95, 134.59, 132.07, 
129.48, 127.01, 72.81, 59.29, 37.76, 28.31, 27.93; LRMS (APCl+) exact mass calc’d for 









Reaction with (Z)-hydrazonium (Figure 41): To the hydrazonium perchlorate salt (0.22 
g, 0.075 mmol) a solution of cyclopropene (0.021 g, 0.075 mmol) in 0.6 mL CD3CN was 
added. The sample was heated to 65 °C in the NMR and spectra were obtained every half 
hour for 2 hours and the formation of hydrazonium 15 was observed. 
 
 
Reaction with 2,3-Diazobicyclo[2.2.1]heptane bis-hydrochloride (Figure 41): To 2,3-
Diazobicyclo[2.2.1]heptane bis-hydrochloride (2.6 mg, 0.015 mmol), a solution of 
benzaldehyde (31.8 mg, 0.3 mmol) in 0.3 mL CD3CN and a solution of cyclopropene 
(42.0 mg, 0.15 mmol) in 0.3 mL CD3CN were added. An NMR spectra was obtained at 
room temperature. The sealed NMR tube was then heated to 65 °C in an oil bath for 24 
hours. Another NMR spectra was obtained.  Peaks corresponding to the hydrazonium salt 
as well as the product were both observed in situ. 
  
+






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 3 - Expanding the scope of the Carbonyl-Olefin Metathesis 
 
Introduction 
 After our initial publications on this reaction method, we wanted to expand the 
scope to less strained olefins. On this project, I worked with fellow graduate student Zara 
Seibel to explore the cycloreversion of norbornene. In our method with the cyclopropene 
substrate, the cycloaddition is presumably the rate-determining step. Under no conditions 
could we observe a pyrazolidine intermediate. However, less strained olefins do not form 
metathesis products under the reaction conditions. In fact, with these with less strained 
olefins the pyrazolidines can be observed and also isolated. We synthesized a variety of 
pyrazolidine cycloadducts derived from different aldehydes, different hydrazines and the 
olefin norbornene. With the cycloadducts in hand, we probed the cycloreversion step of 
our carbonyl-olefin metathesis process. This work and the factors found to facilitate the 
cycloreversion are reported in this chapter.  
 Also presented in this chapter are efforts toward a different approach to carbonyl-
olefin metathesis. With the goal of finding a general catalytic method, metal catalysis 
platforms were also investigated in the carbonyl-olefin metathesis reaction. Initial 
explorations into a rhenium catalyzed process, as well as attempts to synthesize a 
zirconium catalyst are presented herein.  
 
A Stepwise Cycloreversion of Norbornene 
 As discussed in Chapter 2, ring strain is the driving force of our catalytic 
carbonyl-olefin metathesis reaction. To this point, cyclopropenes were the only viable 




energy barrier than the cycloaddition. Computationally, other olefins have a much higher 
barrier to cycloreversion and we wanted to elucidate how to lower it. We selected 
norbornene as the olefin substrate because it has some ring strain, although significantly 
less than cyclopropene (20 kcal mol-1 compared to 55 kcal mol-1).51 We reasoned that the 
modest strain would still facilitate an irreversible ring opening metathesis, but the 
structure would greatly increase the scope of the reaction (Figure 45). The resulting 
metathesis products of this cycloreversion are 1,3-disubstituted cyclopentanes which are 
synthetically useful compounds.65  
 
 
Figure 45. Ring-opening carbonyl-olefin metathesis of norbornene. 
 
 Whereas the cycloadducts in the cyclopropene reaction could not be observed, the 
pyrazolidine resulting from the cycloaddition of an azomethine imine and norbornene can 
be isolated (Figure 46a). By combining dimethylhydrazine dihydrochloride, 
benzaldehyde and norbornene in equimolar amounts in refluxing methanol, the 










Figure 46a. Cycloadduct with norbornene can be isolated. b. Cycloadduct with 
benzaldehyde and norbornene was readily synthesized. 
 
My colleague Zara Seibel screened the effect of heat, Lewis acids, Brønsted acids 
and solvents in the cycloreversion of pyrazolidine 93. With one equivalent of acid in 
ethylene glycol at 200 °C, trace amounts of the cycloreversion product were detected (as 
the acetal). As discussed in Chapter 2, the bicyclic hydrazine 2,3-
diazabicyclo[2.2.1]heptane is critical for the catalytic carbonyl-olefin metathesis 
presumably because of the conformation of the cycloadduct. Therefore, we synthesized a 
cycloadduct incorporating this bicyclic hydrazine structure rather than the 
dimethylhydrazine. With this cycloadduct 94 in hand, we were able to lower the 
temperature for the cycloreversion from 200 °C to 130 °C. This change in protocol was 
critical as a consistent temperature could be maintained with an oil bath (a sand bath was 
required for 200 °C which had significant temperature variation). The reaction with this 
substrate was optimized again with regards to solvent, acids, equivalents of acid and 
addition of water. It was found that one equivalent of hydrochloric acid and a 10% 
water/ethylene glycol solvent was best and led to a 3% NMR yield of the desired 









































saw this as an opportunity to explore the factors that can facilitate the cycloreversion for 
less strained olefins.  
 
 
Figure 47. Optimized reaction conditions for the cycloreversion. 
 
 We first explored the impact of steric effects on the cycloreversion. The simplest 
way to incorporate strain into our cycloadduct was to utilize sterically demanding 
aldehydes in the cycloaddition (Figure 48a). A series of cycloadducts were synthesized 
and exposed to the optimized cycloreversion reaction conditions. By incorporating larger 
aryl substituents ranging from an unsubstituted benzene ring to an anthracene substituent, 
the yield of the cycloreversion product increased from 3% to 22% (Figure 48b). The 
trend appears to be from steric interactions and not from electronic effects. The 
metathesis product yields from the mesitylene and 2,6-dichlorobenzene substituted 
cycloadducts are the same. Although these substituents are quite different electronically, 



















   
Figure 48a. Steric demand can easily be incorporated in the cycloadduct via the 
aldehyde. b. Increased steric demand increases the yield of the cycloreversion. 
 
 This study has demonstrated that increased steric demand does indeed facilitate 
the cycloreversion. However, we had been incorporating the steric demand through the 
substrate aldehyde rather than the hydrazine “catalyst”. In terms of developing a catalytic 
process with a broad scope, we would much rather incorporate the steric demand into the 
catalyst functionality. We therefore set out to synthesize a variety of sterically hindered 
hydrazines, isolate the cycloadducts with benzaldehyde and norbornene, and then observe 
their conversion in the cycloreversion step. Pyrazolidine catalysts were readily 
synthesized via a condensation of hydrazine with α,β-unsaturated ketones and subsequent 
reduction (Figure 49a).66,67 This route conveniently incorporates substituents in the 3- and 
5- positions nearest to the hydrazine functionality. Figure 49b shows the cycloadducts 
that were synthesized from these hydrazines. Isopropyl, aryl, dimethyl and cyclopentyl 
groups were incorporated next to the hydrazine functionality. In the cycloreversion event, 








































Perhaps because these are monocyclic hydrazine functionalities, the conformation of the 
cycloadduct is not ideal for the cycloreversion. As discussed above, the bicyclic structure 
of the hydrazine seems to be critical. 
 
 
Figure 49a. Synthetic route to sterically hindered pyrazolidines. b. Cycloadducts 
formed and their yields in the cycloreversion step. 
 
 Incorporating sterically demanding substituents on bicyclic hydrazine structures 
proved to be quite challenging. In the Diels-Alder reaction to form the bicycle, 
cyclopentadiene rearrangements consistently place any added substituent away from the 
hydrazine functionality.68 For example, hydrazine 96 was synthesized with the tert-butyl 
group located far from the cycloreversion site (Figure 50a). The cycloreversion of the 
resulting cycloadduct 97 did not have an effect on the yield in comparison to the 
unsubstituted cycloadduct. Using pentamethylcyclopentadiene (Cp*) to incorporate steric 
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Figure 50a. Cyclopentadiene rearrangements place the substituent away from the 
cycloreversion site. b. Very sterically hindered hydrazines shut down the 
cycloaddition. 
 
 Steric demand facilitates the cycloreversion of norbornene but it also can hinder 
the cycloaddition as in the extreme case of a Cp* derived hydrazine. Incorporating this 
steric demand in a bicyclic hydrazine has been synthetically challenging and accessing a 
catalytic process has remained elusive to this point.  
 Another factor that appears to facilitate the cycloreversion is the C-N-N bond 
angle in the hydrazine functionality of the cycloadduct. We synthesized a [2.2.2] bicycle 
incorporating an extra methylene in the bridge of our original catalyst.69 The cycloadduct 
with norbornene and benzaldehyde, compound 98, was found to have a superior 
cycloreversion with a 22% yield (Figure 51a). We hypothesized that the larger bond 
angle of this bicycle could destabilize the sp3-hybridized cycloadduct and favor the 

































   
Figure 51a. [2.2.2] bicyclic hydrazine increases the cycloreversion yield significantly 
compared to the [2.2.1] bicycle. 
 
 
 Hydrazines with various ring sizes were synthesized to vary the C-N-N bond 
angle. Monocyclic hydrazines are readily available through a bis-alkylation of hydrazine 
with a dibromo compound (Figure 52).70 However, the resulting cycloadducts showed no 
reactivity in the cycloreversion step and this is presumably because they are monocyclic 
and not in the proper conformation (Figure 52).  
 
 
Figure 52a. Synthesis of monocyclic hydrazines of various ring sizes. b. The 





































































 Again, bicyclic hydrazines seem to be critical for the cycloreversion and, 
therefore, we attempted to increase the C-N-N bond angle by synthesizing bicycles with 
larger ring sizes. In the Diels-Alder reaction to access these compounds, the larger rings 
are less reactive dienes and the typical reaction conditions with the bis-Boc protected 
diazene dieneophile were not productive. By using a more reactive urazole dieneophile 
99 the Diels-Alder does occur (Figure 53).71,72 However, deprotecting the hydrazines was 
very difficult. Refluxing basic conditions were required and under these conditions, the 
free hydrazine readily oxidized to the diazene compound.73 Unfortunately, the urazole 
dienophile was quite problematic for the synthesis of bicyclic hydrazines. 
 
       
Figure 53. Urazole is an active dienophile in Diels-Alder reactions. 
 
 Although a sterically hindered catalyst that improved the cycloreversion was not 
identified, the [2.2.2] bicyclic catalyst 100 successfully improved the process. A one-pot 
procedure was attempted with this new hydrazine in hand. The [2.2.2] bicyclic catalyst 
100 (20 mol% catalyst loading), in the presence of 2,6-dichlorobenzaldehyde and 
norbornene affected the carbonyl-olefin metathesis in an 8% yield (Figure 54). No 
turnover is apparent and this is presumably due to the instability of the hydrazine at the 
high reaction temperatures. But, nonetheless, we have demonstrated a one-pot procedure 

















       
Figure 54. One-pot procedure for the carbonyl-olefin metathesis of norbornene. 
 
 Ultimately, larger C-N-N bond angles and increased steric demand were found to 
facilitate the cycloreversion. Elucidating a catalyst structure that meets this criteria and is 
synthetically accessible is an ongoing process. But, as it stands, a stoichiometric 
carbonyl-olefin metathesis reaction of norbornene has been developed with modest 
yields.  
 
Rhenium Catalyzed Carbonyl-Olefin Metathesis 
 Because attempts at a general reaction scope for the organocatalytic carbonyl-
olefin metathesis were met with only modest success, we sought to explore other methods 
toward a carbonyl-olefin metathesis. As discussed in previous chapters, typical 
metathesis complexes are not viable catalysts for a carbonyl-olefin metathesis due to their 
strong metal-oxo bonds (Figure 55a). However, if this metal-oxo bond could be engaged, 
a catalytic cycle of the type shown in Figure 55b could be envisioned. Engaging a 






















Figure 55a. Strong metal-oxo bonds result in catalyst deactivation. b. If metal-oxo 
bonds could be engaged, a catalytic cycle of this type can be envisioned. 
 
 
Our attention was drawn to methyltrioxorhenium (MTO) because of its interesting 
reactivity in several literature reports. Methyltrioxorhenium was the first organometallic 
rhenium oxide and was first synthesized in 1979.74 It is stable upon exposure to air, water 
and acid. It has been explored primarily by Herrmann as a catalyst for olefin oxidation 
reactions75, and, interestingly, for olefin metathesis76 and aldehyde olefination77 reactions 
(vide infra). The electron deficient rhenium center renders this species Lewis acidic and, 
therefore, it can react with phosphines or peroxides for catalytic processes.  
In 1991, Herrmann disclosed a novel aldehyde olefination in which a rhenium 
alkylidene readily undergoes a [2+2] addition/reversion sequence with an aldehyde under 
mild conditions (Figure 56).77 In this reaction, it is proposed that a phosphine forms an 
adduct with MTO and then abstracts an oxygen atom to form a phosphane oxide adduct 








































Carbene complexes with metals in high oxidation states, such as this one, are known to 
be nucleophilic.78 Thus, in the subsequent olefination step where a [2+2] addition and 
reversion occurs with an aldehyde, electron-deficient aldehydes have higher reaction 
rates and yields. This forms the olefin product 103 and regenerates the MTO. After this 
initial publication, there has been some debate about the reaction mechanism. There is 
debate about the mechanism of formation for the rhenium alkylidene.79–81 But, as this 
step is not part of our catalytic cycle, it is not discussed here. Reports using other 
transition metal catalysts for olefination reactions hypothesize that the metal is simply 
catalyzing the synthesis of the phosphorus ylide and not proceeding through a rhenium 
alkylidene.82 However, in the initial publication by Hermann, the independently 
synthesized phosphorus ylides did not react with aldehydes even in refluxing benzene. 
They suggest that the metal catalyst is involved in all steps of the catalytic cycle. 
Nonetheless, the metal-oxo bond of MTO is being engaged and the olefination step of our 
proposed catalytic cycle has some precedence.  
 
  































Many olefin metathesis reactions have also been reported with various rhenium 
catalysts and heterogeneous metal oxide catalysts, such as MTO/Al2O3 (Figure 57).76 
While this reaction presumably goes by some rhenium alkylidene and a pseudo-Wittig 
mechanism83, studying a heterogeneous process is difficult. A publication by Chen, 
which initially peaked our interest in this topic, discloses homogenious rhenium catalysts 
to further study the mechanism of this olefin metathesis reaction.84 
 
            
Figure 57. Olefin metathesis with heterogeneous rhenium catalyst. 
 
In the article by Chen et. al., the activity of multiple rhenium compounds in the 
ring-opening metathesis polymerization (ROMP) of norbornene was investigated. They 
found experimental support that a Lewis acidic ligand on four-coordinate rhenium was 
critical. For example, C6F5ReO3 was an active metathesis catalyst. They also found less 
active rhenium compounds could be activated by coordination to an electron-deficient 
boron atom. For example, MTO can be activated with the Lewis acid B(C6F5)3 to engage 
norbornene (Figure 58). While this is an olefin metathesis polymerization, the initiation 
steps proposed in the reaction are quite intriguing. After initial activation with the Lewis 
acid, a [2+2] reaction occurs between the activated MTO 104 and norbornene. The 
resulting retro [2+2] of the metallaoxetane breaks the rhenium-oxo bond, which is exactly 
what is required to have a metal catalyzed carbonyl-olefin metathesis. The reported 
H3C CH3








rhenium alkylidene intermediate 105 then goes on to catalyze the ring-opening metathesis 
polymerization of norbornene. 
 
   
Figure 58. Initiation steps of the ring-opening polymerization of norbornene 
proposed by Chen. 
 
 There has been some discussion of the mechanism of the addition of an olefin to 
trioxorhenium compounds. For example, a diolate could form via a [3+2] addition and 
then rearrange to the metallaoxetane followed by the dissociation to a carbene complex 
(Figure 59).85 In previous reports of other rhenium trioxides, this pathway has been 
suggested by both computational and mass spectrometry experiments. However, Chen 
did similar calculations with the electron-deficient rhenium compounds and found that 
the direct [2+2] addition was the lower energy pathway.84 It was also calculated that the 
rate-determining step of the reaction is the collapse of the metallaoxetane to the carbene. 
The increased Lewis acidity of the ligand decreases this energy barrier. 
 
    










































 Chen also put forth a rhenium activity scale for this reaction (Figure 60).84 
Because the initiation is slow, the rhenium activity correlates to this energy barrier of 
initiation. The Re-O bond strength, which is represented by the calculated Re-O 
stretching frequency, is used as a measure of this activation energy. A higher frequency 
corresponds to a stronger Re-O bond, a more electron-deficient rhenium, and, therefore, a 
more active catalyst.  
 
    
Figure 60. Chen’s rhenium activity scale for olefin metathesis. 
 
 After reading this publication, we hypothesized that in the presence of an 
aldehyde, perhaps an olefination step could occur instead of a polymerization. The retro 
[2+2] of the resulting metallaoxetane 106 would then form the carbonyl-olefin metathesis 
product and regenerate the MTO catalyst (Figure 61). In our proposed catalytic cycle, the 
Lewis acid activated MTO must be amenable to the presence of an aldehyde and the 
olefination step—which is facile as demonstrated by Hermann—must outcompete the 





            
Figure 61. Proposed catalytic cycle for a metal-oxo catalyzed carbonyl-olefin 
metathesis. 
 
   
 With this concept, we sought to identify a viable reaction. Initial reaction screens 
evaluated the reaction between norbornene and benzaldehyde while varying the loadings 
of MTO and Lewis acid. In many cases, the polymerization of norbornene was observed 
but no desired metathesis products were detected. However, coordination of the aldehyde 
to the Lewis acid was noted. In an NMR study, the 1H NMR shift of the 1:1 complex of 
MTO and B(C6F5)3 was observed. Upon adding only 0.3 equivalents of benzaldehyde, the 
MTO shift was almost completely back upfield toward the shift of uncoordinated MTO. 
It appears that the aldehyde preferentially binds the Lewis acid, and, therefore, catalytic 
amounts of Lewis acid—as used in the olefin metathesis reactions—will not be sufficient. 
We hypothesized that nitrobenzaldehyde would have a weaker coordination to the Lewis 





























olefination reactions, as well.77 In an NMR study with a 1:1 mixture of MTO and 
B(C6F5)3, the MTO shift only moved slightly upfield upon addition of 0.3 equivalents of 
nitrobenzaldehyde (<0.001 ppm upfield shift compared to 0.02 ppm with benzaldehyde). 
With nitrobenzaldehyde, 10 mol% MTO and 90 mol% B(C6F5)3 trace amounts of 
what appeared to be metathesis product 107 were observed. The mass balance here 
appeared to be polymerized norbornene, which indicates that polymerization is 
outcompeting the olefination. Upon heating to 50 °C in dichloromethane, the yield of 
metathesis product increased to 20% relative to a NMR standard (Figure 62). A slow 
addition of norbornene, which would presumably limit the competing polymerization, did 
not improve reaction yields.  
 
                
Figure 62. Proof of concept for a rhenium oxide catalyzed carbonyl-olefin 
metathesis. 
 
 Isolation of the product proved to be difficult. The product decomposed upon 
exposure to column chromatography. Attempts to isolate the acetal or reduce to the 
alcohol were not successful. Although the acetal of the product was detected by mass 
spectrometry and crude NMR, it could not be isolated. Exposure of the crude reaction 
mixture to sodium cyanoborohydride resulted in complete decomposition. The 
polymerized norbornene could easily be separated because of its insolubility in methanol, 



















Characterization of the product and its acetal by crude NMR and mass spectrometry 
supports that desired product is indeed forming. 
 Although not observable in the crude NMR, careful columns in attempts to isolate 
the metathesis product produced trace amounts of what appears to be a direct [2+2] 
reaction between norbornene and nitrobenzaldehyde (Figure 63). The mass and carbon 
spectra are consistent with this hypothesis. Likewise, the combination of norbornene, 
nitrobenzaldehyde and B(C6F5)3 in the absence of MTO yielded this product (but no 
metathesis product). Exposing the [2+2] adduct to reaction conditions did not lead to 
metathesis products.  A subsequent solvent and Lewis acid screen for the carbonyl-olefin 
metathesis reaction was not productive and resulting in either shutting down the reaction 
or increasing the yield of the [2+2] side product. Using the more electron-deficient 2,4-
dinitrobenzaldehyde did not yield any metathesis products, but increased the yield of the 
[2+2] adduct to 50%.  
 
             
Figure 63. Formation of a direct [2+2] side product mediated by Lewis acid. 
 
 This side product is presumably arising from the activation of the aldehyde with 
the Lewis acid. We hypothesized that if we exchanged the methyl ligand on the rhenium 
for an electron-withdrawing group, we could forego addition of Lewis acid and, 
ultimately, shut down this reaction pathway. The pentafluorophenyl-substituted 












activation.84 We therefore set out to synthesize this compound by literature procedures 
(Figure 64).84 Although we were able to synthesize the compound, its purity was 
questionable. The compound was pure by NMR, but, the color observed (a deep purple) 
was not as reported (colorless crystals). Nonetheless, this catalyst was attempted in the 
reaction. However, no metathesis products formed and only polymerized norbornene was 
detected.   
 
 
Figure 64. Chen’s synthesis of C6F5ReO3. 
 
 In conclusion, we have demonstrated that a trioxorhenium catalyst is viable for a 
carbonyl-olefin metathesis reaction. These are preliminary results and further 
investigation is needed. If the olefination can be favored over ring-opening metathesis 
polymerization, this reaction has the potential to unveil a general, catalytic carbonyl-
olefination reaction. 
  
Zirconium Catalyzed Imino-Olefin Metathesis 
 Another transition metal complex caught our attention in the literature: a 
zirconocene imido complex 109. Bergman synthesized this compounds of this type as the 
THF adducts in 1993.86 The THF ligand is quite labile and it was found that complex 109 


















compound 110 (Figure 65a). If a retro-[2+2] occurred, a zirconium alkylidene 111 would 
result. This intermediate could then undergo imine exchange to form the olefin-imino 
metathesis product 112. Our proposed catalytic cycle is shown in Figure 65b. The last 
step of the catalytic cycle is also precedented; zirconium alkylidenes are known to 
undergo exchange with imines. Schwartz and coworkers disclosed in 1984 that a 
zirconocene alkylidene 113 could olefinate imines in high yields at 75 °C (Figure 65c).87 




Figure 65a. [2+2] cycloaddition between zirconocene imido complexes and 
norbornene is precedented. b. Proposed catalytic cycle for olefin-imino metathesis 














































 The Bergman group synthesized the imido complex by forming the alkylamino 
zirconocene and heating to affect an α-abstraction (Figure 66).86 However, attempts to 
follow this reaction sequence were very challenging. The desired imido zironocene 
complex was observed by crude NMR, but, attempts to purify and isolate the compound 
resulted in decomposition. While this catalytic cycle is intriguing, the instability of the 
zirconium complexes makes it unreasonable.  
 
 
Figure 66. Bergman’s zirconocene imido synthesis. 
 
Conclusions  
 This chapter details work toward developing a general carbonyl-olefin metathesis 
method. In our hydrazine catalyzed [3+2] reaction paradigm, we were able to expand the 
scope to norbornene with a stepwise process. While these yields are modest and the 
reaction conditions are not amenable to a catalytic process, we have nonetheless 
demonstrated that a cycloreversion step is possible with less strained olefins. We have 
also identified factors that lower the energy barrier for this cycloreversion step. 
 A rhenium catalyzed carbonyl-olefin metathesis reaction was also explored. 
Although preliminary results provide a proof of concept, there are many challenges that 
remain to be solved in this catalytic cycle. Further work on this reaction concept would 
Cp2ZrCl2
1. MeLi/LiBr

















involve synthesizing more reactive rhenium catalysts and also identifying how to favor 
the olefination step. If successful, a general process is possible and has great potential.  
 Lastly, while zirconium imido complexes showed promise on paper, they proved 
to be too sensitive to work with and would therefore be very difficult to use even in the 
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Experimental Data for the Cycloreversion of Norbornene 
General Information. All reactions were performed using oven-dried glassware under 
argon unless noted. Organic solutions were concentrated using a Buchi rotary evaporator. 
Aldehydes were distilled before use. All other commercial reagents were used as 
provided. Flash column chromatography was performed employing 32-63 µm silica gel 
(Dynamic Adsorbents Inc). Thin-layer chromatography (TLC) was performed on silica 
gel 60 F254 plates (EMD). 
 1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300, DRX-400, and 
DRX-500 spectrometers as noted. Data for 1H NMR are reported as follows: chemical 
shift (δ ppm), multiplicity (s = singlet, brs = broad singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet), coupling constant (Hz), integration, and assignment. Data for 13C 
NMR are reported in terms of chemical shift. Low- resolution mass spectra (LRMS) were 
acquired on a JEOL JMS-LCmate liquid chromatography mass spectrometer system 
using CI+ ionization technique.  
 
Cycloreversion Reaction Method: The cycloadduct (0.1 mmol) was dissolved in an 
ethylene glycol solution (1 mL, 0.1 M) that contained 10% H2O and 1 equiv. of HCl. The 
solution was heated to 130 ºC for 24 hrs. Upon cooling, 1 equiv. of an NMR standard 
(benzyl ether) was added. The mixture was washed with 1 M NaOH followed by two 
H2O washes. The organic layer was separated, dried with sodium sulfate and 







       
(E)-2-(3-styrylcyclopentyl)-1,3-dioxolane: The compound was synthesized according to 
the cycloreversion method described above. Purified by column chromatography on Si to 
yield the product as an oil (3% 1H NMR yield relative to standard). 1H NMR (400 MHz, 
CDCl3): 7.41-7.23 (m, 4H, ArH), 7.23-7.13 (m, 1H, ArH), 6.45-6.32 (m, 1H, CH=CHAr), 
6.25-6.12 (m, 1H, RCH=CHAr), 4.76 (d, J = 5.4 Hz, 1H, HC(OCH2)2R), 4.08-3.94 (m, 
2H, HC(OCH2)2R), 3.93-3.79 (m, 2H, HC(OCH2)2R), 2.79-2.55 (m, 1H, 
RCHCH=CHAr), 2.43-2.19 (m, 1H, HC(OCH2)2CHR), 2.08-1.31 (m, 6H, cyclopentylH). 
13C NMR (101 MHz, CDCl3): 137.95, 135.03, 134.82, 128.62, 128.46, 126.96, 126.11, 
107.55, 65.23, 65.19, 44.13, 43.14, 42.94, 42.07, 35.09, 34.09, 34.06, 33.71, 32.72, 29.84, 
27.32, 26.65. LRMS (APCI+): exact mass calc’d for C16H20O2+ (MH+) requires m/z 
245.15, found m/z 245.23. 
 
          
(E)-2-(3-(2,4,6-trimethylstyryl)cyclopentyl)-1,3-dioxolane: The compound was 
synthesized according to the cycloreversion method described above. Purified by column 
chromatography on Si to yield the product as an oil (3% 1H NMR yield relative to 
standard). 1H NMR (400 MHz, CDCl3): 6.84 (s, 2H, ArH), 6.30-6.25 (m, 1H, 
CH=CHAr), 5.64-5.56 (m, 1H, RCH=CHAr), 4.76 (m, 1H, HC(OCH2)2R), 3.99-3.86 (m, 
4H, HC(OCH2)2R), 2.79-2.55 (m, 1H, RCHCH=CHAr), 2.74-2.67 (m, 1H, 











cyclopentylH). 13C NMR (101 MHz, CDCl3): 139.55, 139.43, 135.94, 135.71, 134.76, 
128.52, 125.61, 107.69, 76.84, 65.20, 44.53, 43.47, 43.07, 42.05, 35.30, 34.14, 33.71, 
32.76, 27.28, 26.69, 20.99. 
 
          
(E)-2-(3-(2,6-dichlorostyryl)cyclopentyl)-1,3-dioxolane: The compound was 
synthesized according to the cycloreversion method described above. Purified by column 
chromatography on Si to yield the product as an oil (16% 1H NMR yield relative to 
standard).1H NMR (400 MHz, CDCl3): 7.28 (d, J = 8.1 Hz, 2H, ArH), 7.04 (t, J = 8.0 Hz, 
1H, ArH), 6.49-6.28 (m, 1H, CH=CHAr), 6.28-6.04 (m, 1H, RCH=CHAr), 4.78-4.76 (m, 
1H, HC(OCH2)2R), 4.06-3.80 (m, 4H, HC(OCH2)2R), 2.89-2.62 (m, 1H, 
RCHCH=CHAr), 2.43-2.19 (m, 1H, HC(OCH2)2CHR), 2.12-1.36 (m, 6H, cyclopentylH). 
13C NMR (101 MHz, CDCl3): 143.54, 134.48, 128.45, 127.68, 121.96, 107.49, 65.24, 
65.20, 44.48, 43.47, 43.05, 41.98, 34.80, 33.67, 33.25, 32.37, 29.86, 29.82, 27.20, 26.69. 
LRMS (APCI+): exact mass calc’d for C16H18Cl2O2+ (MH+) requires m/z 313.07, found 
m/z 313.07. 
     
(E)-2-(3-(2-(anthracen-9-yl)vinyl)cyclopentyl)-1,3-dioxolane: The compound was 
synthesized according to the cycloreversion method described above except this reaction 
was complete in 8 h. Purified by column chromatography on Si to yield the product as an 










3H, ArH), 8.03-7.95 (m, 2H, ArH), 7.50-7.42 (m, 4H, ArH), 7.16-7.07 (m, 1H, 
CH=CHAr), 6.08-5.94 (m, 1H, RCH=CHAr), 4.90-4.78 (m, 1H, HC(OCH2)2R), 4.09-
3.86 (m, 4H, HC(OCH2)2R), 3.11-2.93 (m, 1H, RCHCH=CHAr), 2.49-1.53 (m, 7H, 
cyclopentylH). 13C NMR (101 MHz, CDCl3): 143.38, 143.24, 133.63, 133.60, 131.61, 
129.70, 128.69, 126.30, 125.93, 125.25, 125.17, 123.94, 123.89, 107.63, 107.58, 65.31, 
65.23, 44.76, 43.81, 43.10, 42.10, 35.29, 34.17, 33.83, 32.78, 27.42, 26.80. LRMS 
(APCI+): exact mass calc’d for C24H24O2+ (MH+) requires m/z 345.18, found m/z 344.96. 
 
     
(E)-2-(3-(2,4-dimethylstyryl)cyclopentyl)-1,3-dioxolane: The compound was 
synthesized according to the cycloreversion method described above. Purified by column 
chromatography on Si to yield the product as an oil (16% 1H NMR yield relative to 
standard). 1H NMR (400 MHz, CDCl3): 7.31 (d, J = 7.8 Hz, 1H, ArH), 6.95 (d, J = 8.3 
Hz, 2H, ArH), 6.53 (m, 1H, CH=CHAr), 6.08-5.95 (m, 1H, RCH=CHAr ), 4.78 (m, 1H, 
HC(OCH2)2R ), 4.04-3.84 (m, 4H, HC(OCH2)2R ), 2.78-2.61 (m, 1H, HC(OCH2)2CHR), 
2.29 (s, 6H, Ar(CH3)2), 2.06-1.30 (m, 7H, cyclopentylH). 13C NMR (101 MHz, CDCl3): 
136.52, 135.41, 135.25, 134.90, 131.06, 130.99, 126.84, 126.00, 125.96, 125.41, 107.63, 
107.58, 65.24, 65.19, 44.44, 43.47, 42.98, 42.02, 35.27, 34.23, 33.90, 32.87, 27.30, 26.66, 
21.16, 19.90. LRMS (APCI+): exact mass calc’d for C18H24O2+ (MH+) requires m/z 









Cycloadduct Synthesis Method. The HCl salt of the desired hydrazine catalyst (1 
equiv., 5 mmol), the desired aldehyde (1 equiv., 5 mmol) and norbornene ( 1 equiv., 5 
mmol) were combined in anhydrous MeOH (50 mL, 0.1 M) and heated to reflux 
overnight. The reaction was cooled to room temperature and diluted with CH2Cl2. 
Triethylamine (2 equiv., 10 mmol) was added to neutralize the compound. The solution 
was washed with H2O twice. The organic layer was separated, dried with sodium sulfate 
and concentrated. The cycloadduct products were isolated by column chromatography.  
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N,N'-diazabicyclo[2.2.1]heptane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: 
The compound was synthesized as described above in the cycloaddition method. Purified 
by column chromatography on Si to yield an oil.  1H NMR (400 MHz, CDCl3) major 
isomer: 7.58-7.21 (m, 5H, ArH), 4.27 (d, J = 8.4 Hz, 1H, 1), 3.50 (d, J = 3.6 Hz, 1H, 2), 
2.85-2.76 (m, 2H, 3&4), 2.46-2.20 (m, 3H, alkylH), 2.00-0.86 (m, 18H, alkylH). 13C 
NMR (101 MHz, CDCl3):143.17, 138.34, 129.44, 128.47, 128.26, 127.74, 127.63, 
127.05, 78.30, 72.88, 72.82, 70.15, 66.23, 61.33, 61.04, 57.53, 55.98, 42.08, 40.23, 39.05, 
37.02, 33.81, 33.36, 32.76, 31.28, 29.17, 28.27, 27.89, 27.57, 27.42, 26.19. LRMS 
(APCI+): exact mass calc’d for C19H24N2+ (MH+) requires m/z 281.19, found m/z 281.27. 
 
      
N,N'-diazabicyclo[2.2.1]heptane-3,4-bicyclo[2.2.1]heptane-5-mesitylpyrazolidine: 
The compound was synthesized as described above in the cycloaddition method. Purified 
by column chromatography on Si to yield an oil.  1H NMR (400 MHz, CDCl3): 6.93 (s, 
1H, ArH), 6.86 (s, 1H, ArH), 4.46 (d, J = 9.1 Hz, 1H, 1), 3.56-3.50 (m, 1H, 2), 2.94-2.73 
(m, 3H, alkylH), 2.52 (s, 3H, ArCH3), 2.46 (s, 3H, ArCH3), 2.30 (s, 3H, ArCH3), 2.26-
2.21 (m, 1H, alkylH), 1.93-1.85 (m, 2H, 3&4), 1.72-0.98 (m, 11H, alkylH). 13C NMR 
(101 MHz, CDCl3): 140.84, 137.49, 136.75, 131.85, 131.08, 129.68, 100.09, 78.03, 












20.77. LRMS (APCI+): exact mass calc’d for C22H30N2+ (MH+) requires m/z 323.24, 
found m/z 323.03. 
 
      
N,N'-diazabicyclo[2.2.1]heptane-3,4-bicyclo[2.2.1]heptane-5-(2,4-
dichlorophenyl)pyrazolidine: The compound was synthesized as described above in the 
cycloaddition method. Purified by column chromatography on Si to yield an oil. 1H NMR 
(300 MHz, CDCl3): 7.39 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 7.31 (dd, J = 8.1, 1.4 Hz, 1H, 
ArH), 7.15 (t, J = 8.0 Hz, 1H, ArH), 4.91 (d, J = 8.7 Hz, 1H, 1), 3.47 (d, J = 3.7 Hz, 1H, 
2), 3.34 (td, J = 8.7, 1.3 Hz, 1H, alkyH), 2.90 (d, J = 2.3 Hz, 1H, alkyH), 2.82 (d, J = 8.6 
Hz, 1H, alkyH), 2.21 (d, J = 4.1 Hz, 1H, alkyH), 1.96-1.35 (m, 13H, alkyH). 13C NMR 
(101 MHz, CDCl3): 139.63, 136.72, 133.51, 130.47, 129.26, 129.21, 78.18, 68.66, 65.56, 
58.77, 50.57, 42.00, 40.37, 34.21, 32.75, 32.44, 28.51, 27.84, 25.91. LRMS (APCI+): 
exact mass calc’d for C19H22Cl2N2+ (MH+) requires m/z 349.12, found m/z 348.90. 
 
      
N,N'-diazabicyclo[2.2.1]heptane-3,4-bicyclo[2.2.1]heptane-5-(9-
anthracenyl)pyrazolidine: The compound was synthesized as described above in the 
cycloaddition method. Purified by column chromatography on Si to yield an oil. 1H NMR 










ArH), 8.11-8.06 (m, 1H, ArH), 8.04-8.00 (m, 1H, ArH), 7.59-7.45 (m, 4H, ArH), 5.40 (d, 
J = 8.6 Hz, 1H, 1), 3.71 (d, J = 3.8 Hz, 1H, 2), 3.26 (t, J = 8.6 Hz, 1H, 3), 3.13 (d, J = 8.5 
Hz, 1H, 4), 3.00 (s, 1H, alkylH), 2.36 (d, J = 4.6 Hz, 1H, alkylH), 2.09 (d, J = 10.2 Hz, 
1H, alkylH), 1.78-1.08 (m, 11H, alkylH). 13C NMR (101 MHz, CDCl3): 133.76, 132.03, 
131.68, 130.44, 129.96, 129.76, 128.68, 128.52, 126.41, 126.26, 126.22, 125.19, 124.66, 
124.27, 77.82, 68.48, 65.39, 58.80, 54.78, 42.19, 41.00, 33.98, 32.85, 32.75, 28.74, 27.94, 
25.75. LRMS (APCI+): exact mass calc’d for C27H28N2+ (MH+) requires m/z 381.23, 
found m/z 380.98. 
 
      
N,N'-diazabicyclo[2.2.1]heptane-3,4-bicyclo[2.2.1]heptane-5-(2,4-
dimethylphenyl)pyrazolidine: The compound was synthesized as described above in the 
cycloaddition method. Purified by column chromatography on Si to yield an oil. 1H NMR 
(400 MHz, CDCl3): 7.26 (d, J = 7.9 Hz, 1H, ArH), 7.11-7.07 (m, 1H, ArH), 7.06-7.02 (m, 
1H, ArH), 4.38 (d, J = 8.4 Hz, 1H, 1), 3.50-3.43 (m, 1H, 2), 2.77 (d, J = 8.6 Hz, 1H, 3), 
2.59 (s, 1H, 4), 2.48 (s, 3H, ArCH3), 2.35 (s, 3H, ArCH3), 2.26 (d, J = 3.4 Hz, 1H, 
alkylH), 1.97-1.92 (m, 1H, alkylH), 1.87 (dd, J = 10.5, 2.2 Hz, 1H, alkylH), 1.72-0.99 
(m, 12H, alkylH). 13C NMR (101 MHz, CDCl3) ? 138.85, 137.00, 133.71, 131.74, 
126.75, 126.21, 77.94, 68.71, 66.38, 57.60, 54.59, 42.33, 40.43, 33.28, 33.06, 31.36, 
28.37, 27.73, 26.41, 21.00, 20.20. LRMS (APCI+): exact mass calc’d for C21H28N2+ 









      
N,N'-diazacyclopentane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: The 
compound was synthesized as described above in the cycloaddition method. Purified by 
column chromatography on Si to yield an oil. 1H NMR (300 MHz, CDCl3): 7.49-7.43 (m, 
2H, ArH), 7.39-7.27 (m, 3H, ArH), 3.92 (br m, 1H, 1), 3.27-3.13 (m, 1H, 2), 2.93-2.80 
(m, 1H, alkylH), 2.73 (d, J = 8.0 Hz, 1H, alkylH), 2.54 (td, J = 9.3, 8.0, 1.4 Hz, 1H, 
alkylH), 2.40 (d, J = 8.3 Hz, 2H, alkylH), 2.23-2.10 (m, 3H, alkylH), 2.02-1.92 (m, 2H, 
alkylH), 1.59-1.48 (m, 2H, alkylH), 1.16-0.98 (m, 3H, alkylH).  13C NMR (101 MHz, 
CDCl3): 139.85, 128.34, 128.08, 127.16, 77.36, 72.17, 69.71, 50.48, 46.41, 40.06, 38.44, 
33.12, 28.60, 26.24, 25.47. LRMS (APCI+): exact mass calc’d for C17H22N2+ (MH+) 
requires m/z 255.18, found m/z 255.05. 
 
      
N,N'-diaza-3’-phenylcyclopentane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: 
The compound was synthesized as described above in the cycloaddition method. Purified 
by column chromatography on Si to yield an oil. 1H NMR (400 MHz, CDCl3): 7.49-7.41 
(m, 4H, ArH), 7.29 (dd, J = 28.8, 7.0 Hz, 6H, ArH), 3.68 (dd, J = 8.7, 6.9 Hz, 1H, 1), 
3.22 (d, J = 7.8 Hz, 1H, 2), 2.83-2.61 (m, 3H, alkylH), 2.36 (d, J = 2.9 Hz, 2H, alkylH), 
2.15-2.03 (m, 3H, alkylH), 1.55 (d, J = 4.7 Hz, 1H, alkylH), 1.44-1.22 (m, 2H, alkylH), 











127.92, 127.72, 127.28, 127.09, 70.34, 69.17, 65.47, 52.85, 47.42, 41.16, 39.23, 37.87, 
33.44, 28.78, 25.03. LRMS (APCI+): exact mass calc’d for C23H26N2+ (MH+) requires 
m/z 331.21, found m/z 330.96. 
 
      
N,N'-diaza-3’,5’-diphenylcyclopentane-3,4-bicyclo[2.2.1]heptane-5-
phenylpyrazolidine: The compound was synthesized as described above in the 
cycloaddition method. Purified by column chromatography on Si to yield an oil. 1H NMR 
(300 MHz, CDCl3): 7.60-7.53 (m, 2H, ArH), 7.43-7.27 (m, 5H, ArH), 7.19-7.07 (m, 8H, 
ArH), 4.01 (dd, J = 9.2, 4.2 Hz, 1H, 1), 3.86 (t, J = 8.1 Hz, 1H, alkylH), 3.30-3.11 (m, 
2H, alkylH), 2.64 (d, J = 7.9 Hz, 1H, alkylH), 2.41-2.24 (m, 2H, alkylH), 2.07-1.97 (m, 
2H, alkylH), 1.85-1.79 (m, 1H, alkylH), 1.42-1.24 (m, 2H, alkylH), 1.04-0.83 (m, 3H, 
alkylH). LRMS (APCI+): exact mass calc’d for C29H30N2+ (MH+) requires m/z 407.24, 
found m/z 407.39. 
 
      
N,N'-diaza-3’,5’-(di-4-methoxyphenyl)cyclopentane-3,4-bicyclo[2.2.1]heptane-5-
phenylpyrazolidine: The compound was synthesized as described above in the 














(300 MHz, CDCl3): 7.47 (d, J = 8.6 Hz, 2H, ArH), 7.23-7.08 (m, 7H, ArH), 6.93 (d, J = 
8.7 Hz, 2H, ArH), 6.75 (d, J = 8.6 Hz, 2H, ArH), 3.97 (dd, J = 9.1, 3.9 Hz, 1H, 1), 3.83 
(s, 3H, OCH3), 3.80 (s, 3H, OCH3), 3.75 (t, J = 8.2 Hz, 1H, alkylH), 3.23-3.12 (m, 1H, 
alkylH), 3.01 (d, J = 7.6 Hz, 1H, alkylH), 2.56 (d, J = 7.7 Hz, 1H, alkylH), 2.35-2.20 (m, 
2H, alkylH), 1.97 (s, 2H, alkylH), 1.79-1.73 (m, 1H, alkylH), 1.38-1.23 (m, 2H, alkylH), 
1.02-0.81 (m, 3H, alkylH). 13C NMR (126 MHz, CDCl3): 158.86, 158.47, 140.90, 134.54, 
134.33, 130.25, 128.92, 128.21, 128.05, 126.97, 113.87, 112.97, 69.19, 66.24, 64.36, 
62.54, 58.28, 55.43, 55.36, 49.67, 39.74, 38.06, 33.80, 28.66, 25.08. LRMS (APCI+): 
exact mass calc’d for C31H34N2O2+ (MH+) requires m/z 467.26, found m/z 467.18. 
 
      
N,N'-diazabicyclo[2.2.2]octane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: The 
compound was synthesized as described above in the cycloaddition method. Purified by 
column chromatography on Si to yield an oil. 1H NMR (400 MHz, CDCl3): 7.41-7.36 (m, 
2H, ArH), 7.33-7.19 (m, 3H, ArH), 3.39 (d, J = 7.3 Hz, 1H, 1), 2.95-2.86 (m, 2H, 2), 
2.56-2.49 (m, 1H, alkylH), 2.30-2.21 (m, 1H, alkylH), 2.16-2.08 (m, 2H, alkylH), 2.08-
1.74 (m, 5H, alkylH), 1.51-1.23 (m, 6H, alkylH), 1.06-0.93 (m, 3H, alkylH). 13C NMR 
(101 MHz, CDCl3): 142.04, 128.35, 128.27, 127.03, 66.80, 65.82, 60.31, 50.13, 47.90, 
39.14, 37.80, 33.39, 29.15, 28.54, 27.42, 25.18, 22.74, 22.03. LRMS (APCI+): exact 








      
N,N'-diazacyclohexane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: The 
compound was synthesized as described above in the cycloaddition method. Purified by 
column chromatography on Si to yield an oil. 1H NMR (400 MHz, CDCl3): 7.39-7.20 (m, 
5H, ArH), 3.14-3.04 (m, 1H, 1), 2.87 (d, J = 8.0 Hz, 1H, 2), 2.72 (dd, J = 10.9, 2.9 Hz, 
1H, alkylH), 2.53-2.38 (m, 2H, alkylH), 2.12-2.08 (m, 2H, alkylH), 2.07-1.97 (m, 1H, 
alkylH), 1.93-1.84 (m, 2H, alkylH), 1.66-1.36 (m, 6H, alkylH), 1.09-0.89 (m, 3H, 
alkylH). 13C NMR (101 MHz, CDCl3): 141.97, 128.43, 128.17, 127.27, 74.41, 73.34, 
56.86, 54.77, 52.88, 39.09, 37.64, 33.60, 28.68, 25.10, 24.72, 24.45. LRMS (APCI+): 
exact mass calc’d for C18H24N2+ (MH+) requires m/z 269.19, found m/z 269.44. 
 
      
N,N'-diazacycloheptane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: The 
compound was synthesized as described above in the cycloaddition method. Purified by 
column chromatography on Si to yield an oil. 1H NMR (300 MHz, CDCl3): 7.42-7.19 (m, 
5H, ArH), 3.17-3.03 (m, 2H, 1 and alkylH), 2.80-2.62 (m, 2H, alkylH), 2.55 (d, J = 8.4 
Hz, 1H, alkylH), 2.47-2.33 (m, 1H, alkylH), 2.14-2.05 (m, 2H, alkylH), 1.98-1.86 (m, 
2H, alkylH), 1.83-1.35 (m, 8H, alkylH), 1.12-0.87 (m, 3H, alkylH). 13C NMR (126 MHz, 
CDCl3): 143.38, 128.46, 127.98, 127.13, 76.41, 75.57, 59.79, 57.11, 55.73, 39.93, 38.50, 
33.33, 28.32, 27.05, 26.55, 25.79, 25.16. LRMS (APCI+): exact mass calc’d for 











      
N,N'-diazacyclooctane-3,4-bicyclo[2.2.1]heptane-5-phenylpyrazolidine: The 
compound was synthesized as described above in the cycloaddition method. Purified by 
column chromatography on Si to yield an oil. 1H NMR (300 MHz, CDCl3): 7.44-7.18 (m, 
5H, ArH), 3.19-2.95 (m, 3H, alkylH), 2.76-2.50 (m, 3H, alkylH), 2.10 (m, 2H, alkylH), 
1.97-1.34 (m, 12H, alkylH), 1.12-0.87 (m, 3H, alkylH). 13C NMR (126 MHz, CDCl3): 
143.73, 128.50, 128.21, 127.19, 74.97, 73.42, 56.72, 55.23, 53.10, 39.91, 38.71, 33.17, 
28.34, 26.16, 26.05, 25.25, 24.73. LRMS (APCI+): exact mass calc’d for C20H28N2+ 
(MH+) requires m/z 297.23, found m/z 297.18. 
 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Experimental Data for Transition Metal Catalysis 
 
General Information. All reactions were performed using oven-dried glassware under 
an atmosphere of dry argon. Methyltrioxorhenium and B(C6F5)3 were weighed out in a 
glove box. Reagents were transferred by syringe under argon to the vial of catalyst. The 
synthesis of rhenium and zirconium complexes was conducted on Schlenk lines and in a 
glove box. Organic solutions were concentrated using a Buchi rotary evaporator. 
Tetrahydrofuran (THF) and toluene (PhMe) was freshly distilled over CaH2 under argon. 
All liquid aldehydes and amines were purified by distillation prior to use, and all solid 
aldehydes were purified by recrystallization. All other commercial reagents were used as 
provided. Flash column chromatography was performed employing 32-63 µm silica gel 
(Dynamic Adsorbents Inc).  
1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300, DRX-400, and 
DRX-500 spectrometers as noted. Data for 1H NMR are reported as follows: chemical 
shift (δ ppm), multiplicity (s = singlet, brs = broad singlet, d = doublet, dd= doublet of 
doublets, t = triplet, q = quartet, m = multiplet), coupling constant (Hz), integration, and 
assignment. Data for 13C NMR are reported in terms of chemical shift. Low- resolution 
mass spectra (LRMS) were acquired on a JEOL JMS-LCmate liquid chromatography 
mass spectrometer system using CI+ ionization technique.  
 
Method for rhenium catalyzed carbonyl-olefin metathesis reactions. 
Methyltrioxorhenium (2.5 mg, 0.01 mmol, 10 mol%) and B(C6F5)3 (46 mg, 0.09 mmol, 
0.9 equiv.) were weighed into an oven dried vial in a glove box. The vial was sealed and 




nitrobenzaldehyde (15 mg, 0.1 mmol, 1 equiv.) were dissolved in CH2Cl2 (0.5 mL, 0.2 
M) under argon. This solution was then transferred to the vial with MTO and Lewis acid. 
After the proper time at the desired temperature, the reaction was concentrated and 
dissolved in MeOH. A white precipitate formed, which was the polymerized norbornene 
side product. This solution was filtered and concentrated to yield the crude reaction 
mixture.  
 
    
(E)-3-(4-nitrostyryl)cyclopentane-1-carbaldehyde. This compound was synthesized 
according to the method above. The reaction was stirred at 50 °C for 4 h and worked up 
accordingly. This compound was observed by crude 1H NMR and MS and formed in a 
20% yield relative to an NMR standard. Observable peaks by 1H NMR (400 MHz, 
CDCl3): 9.58 (d, J=2.4Hz, 1H, CHO), 7.50-7.39 (m, 4H, ArH), 6.52-6.33 (m, 2H, -
CH=CH-). LRMS (APCI+): exact mass calc’d for C14H15NO3+ (MH+) requires m/z 
246.28, found m/z 246.51. 
 
      
(E)-2-(3-(4-nitrostyryl)cyclopentyl)-1,3-dioxolane. After conducting the reaction 
above, the crude mixture was dissolved in ethylene glycol (1 mL, 0.1 M) and amberlyst 
(50 mg). The reaction was stirred at room temperature for 18 h. It was then filtered and 
concentrated to yield the crude mixture. This compound was observed by crude 1H NMR 








CDCl3): 7.6-7.4 (m, 4H, ArH), 6.45-6.43 (m, 2H, -CH=CH-), 4.79 (d, J=5.1 Hz, 1H, 
HC(OCH2)2R). LRMS (APCI+): exact mass calc’d for C16H19NO4+ (MH+) requires m/z 
290.13, found m/z 290.0. 
 
      
1-(4-nitrophenyl)-2,3-norbornyloxetane. This compound was isolated in trace amounts 
from the metathesis reaction between nitrobenzaldehyde and norbornene. It was isolated 
by column chromatography on Si (20% EtOAc/Hex) as a colorless oil in <5% yield. 1H 
NMR (400 MHz, CDCl3): 8.18 (d, J=6.6 Hz, 2H, ArH), 7.49 (d, J=6.3 Hz, 2H, ArH), 
4.89 (s, 1H, oxetane-ArCH), 4.33 (m, 1H, oxetane-OCH), 2.38-2.30 (m, 2H, bridgepoint 
CHs), 2.18 (m, 1H, oxetane-CH), 1.71-1.69 (m, 2H, bridgehead-CH2), 1.36-1.25 (4H, m, 
CH2CH2). 13C NMR (101 MHz, CDCl3): 151.34, 147.13, 126.54, 123.58, 80.83, 77.60, 
55.95, 42.42, 38.30, 34.86, 31.17, 18.56. LRMS (APCI+): exact mass calc’d for 
C14H15NO3+ (MH+) requires m/z 246.11, found m/z 246.48. 
 
                
(Pentafluorophenyl)trioxo(THF)rhenium. This compound was synthesized according 
to literature procedures.8 (C6F5)2Zn (455 mg, 1.14 mmol, 1 equiv.) and ZnCl2 (17 mg, 
                                                















0.13 mmol, 11 mol%) were weighed out in a glove box and dissolved in THF (6.3 mL, 
0.18 M). A solution of Re2O7 (1 g, 2.06 mmol, 1.81 equiv.) in THF (31.6 mL, 0.065 M) 
was also prepared in the glove box. On a Schlenk line, this rhenium solution was cooled 
to -78 °C and the zinc solution was added via cannula. The reaction mixture was warmed 
to room temperature over 2 h and stirred at room temperature for 1 h. The solvent was 
removed under vacuum and the resulting residue was extracted with pentane in the glove 
box and concentrated. The residue was recrystallized in pentane at -35 °C. A dark purple 
solid was isolated (35 mg, 0.074 mmol, 2% yield). 1H NMR (400 MHz, CD2Cl2): 3.71 
(m, 4H, THF-O(CH2)2), 1.86 (m, 4H, THF (CH2)2). 19F NMR (101 MHz, CDCl3):  
-109.20, -140.72, -157.34. 
 
Dimethylzirconocene. This compound was synthesized according to literature 
procedures.9 Dichlorozirconocene (1 g, 3.42 mmol, 1 equiv.) was dissolved in dry ether 
in a Schlenk flask. The flask was cooled to -78 °C and MeLi/LiBr (6.84 mL, 1.5 M) was 
added slowly. The reaction was slowly warmed to room temperature over 3 hours. 
TMSCl (0.43 mL, 3.42 mmol, 1 equiv.) was then added and the reaction allowed to stir 
for 1 h. The reaction was concentrated and the product was extracted with PhMe and a 
cannula filtration. Concentration provided the product as an off-white solid (550 mg, 2.19 
mmol, 64% yield). 1H NMR shifts matched those reported in the literature. 1H NMR (400 
MHz, CDCl3): 5.75 (s, 10H, CpH), -0.13 (s, 6H, CH3). 
 
                                                




Chloromethylzirconocene.10 Dimethylzirconocene (550 mg, 2.19 mmol, 1 equiv.) and 
dichlorozirconocene (640 mg, 2.19 mmol, 1 equiv.) were combined in PhMe (4.4 mL, 0.5 
M) and stirred at reflux for 35 h. The solution was the filtered by canula and hexanes was 
added to crystallize the product. Filtration of the solvent provided the product (549 mg, 
2.02 mmol, 92% yield). 1H NMR shifts matched those reported in the literature. 1H NMR 
(400 MHz, CDCl3): 5.75 (s, 10H, CpH), 0.44 (s, 3H, CH3). 
 
 
N-tert-butylimido(THF)zirconocene. This compound was synthesized according to 
literature procedures.11  LiNHtBu (182 mg, 2.30 mmol, 1.14 equiv.) was added to 
chloromethylzirconocene (549 mg, 2.02 mmol, 1 equiv.) in THF (50 mL, 0.04 M) at 
room temperature. The reaction was stirred for 2.5 h and then concentrated. The residue 
was extracted with hexanes and a cannula filtration. Removal of solvent produced the 
crude methyl amide, which was carried forward without purification. The methyl amide 
was dissolved in THF (20 mL) and loaded into a Fisher-Porter flask. The solution was 
heated for 3 days at 85 °C. The solvent was removed and while the desired product was 
observed in the crude NMR, attempts at recrystallization resulted in the decomposition of 
the complex. The crude NMR shifts matched those reported for the compound. 1H NMR 
(400 MHz, CDCl3): 6.22 (s, 10H, CpH), 3.58 (t, J=6.6 Hz, THF-O(CH2)2), 2.11 (s, 9H, 
tBu).  
 
                                                
10 Walsh, P.J.; Hollander, F.J.; Bergman, R.G. J. Amer. Chem. Soc. 1988, 110, 8729. 
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Part II: Cyclopropenimines as Achiral Superbases 
Chapter 4 – Cyclopropenimines and Organic Superbases 
Introduction 
 The deprotonation of a substrate by a Brønsted base represents a fundamental 
method of activation. The reactive anions formed can participate in a wide array of useful 
synthetic transformations.1 Thus, Brønsted bases are important reagents or catalysts and 
the development of new classes of these bases is synthetically useful. Because these 
reactions depend on the acid-base equilibrium between the substrate and base, efforts 
have been underway to develop bases with higher basicities that can activate a broad 
array of substrates.  
 Although uncharged organic bases are typically weaker than inorganic bases, 
there are advantages to using an organic base. Milder reaction conditions, greater 
solubility, and absence of a coordinating metal ion (resulting in more reactive ‘naked’ 
anions) are all potential reasons to select an organic base.  
 This chapter focuses on several classes of Brønsted bases that have strongly basic 
groups and are termed “superbases.” Ishikawa has developed the classification to include 
bases that are more basic than 1,8-diaminonaphthalene, or Proton Sponge. This 
compound has a pKBH+ of 18.6 in acetonitrile.1 Amidines, guanidines, phosphazenes and 
proazaphosphatranes are bases that fall within this categorization and they will be 
discussed in this introduction (Figure 1). Cyclopropenimine bases, which were recently 




This new class of Brønsted base was pioneered by my former colleague Dr. Jeff Bandar 
and his efforts, mainly in asymmetric catalysis, will be discussed here, as well. 
 
 
Figure 1. Basicity range of common Brønsted bases. 
 
Amidines 
 The most common organic base is likely the amine. However, this functional 
group only has moderate basicity. The addition of an imine functionality to the α-carbon 
of an amine yields a more basic amidine group. Amidines have increased basicity over 
amines because of the resonance-stabilized cations of the resulting conjugate acids. 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) and 1,8-diazabicycloundec-7-ene (DBU) are 
commercially available amidines that are commonly used in base promoted reactions 
(Figure 2). These bases have pKBH+ values of 23.79 and 24.33 in acetonitrile, 
respectively.1 Basicity can also be evaluated in the gas phase by proton affinity (PA) 
measurements. DBU has a PA value of 243.4 kcal mol-1.2,3 DBN is a weaker base 
compared to DBU it has less ring strain.  
pKBH+
(MeCN)
































Figure 2. Commercially available, commonly used amidines. 
 
Cyclic amidines can be synthesized from an intramolecular cyclization of some 
nitrogen containing substituent onto a lactam. Amine substituents require harsh 
conditions, such as strong acid and refluxing xylene to affect the cyclization. However, 
an azido functionality undergoes the cyclization quite readily with oxalyl bromide 
(Figure 3).4  
 
    
Figure 3. Synthesis of cyclic amidines. 
 
DBU is commonly used for a variety of transformations. Isomerizations, such as 
double bond migrations and epimerizations, are commonly catalyzed by DBU. For 
example, oxazoline 1 was effectively epimerized to the thermodynamically stable trans-

























      
Figure 4. Epimerization of an oxazoline with DBU. 
 
Amidines also catalyze esterifications of carboxylic acids with alkyl halides at 
room temperature. Benzoic acid reacted with ethyl iodide in the presence of 
stoichiometric DBU to yield ethyl benzoate in a 95% yield.6 Triethylamine cannot 
promote this reaction under the same conditions. In Figure 5, DBU catalyzed the 
intramolecular cyclization of carboxylic acid 3 into the alkyne substituent via a 5-exo-dig 
process to yield phthalide 4.7 
 
 
Figure 5. DBU catalyzed intramolecular cyclization. 
 
DBU has been used in a variety of etherifications, aldol-type reactions and 
eliminations. Some examples are presented here, while many examples will be discussed 
in the following chapter in direct comparison with the cyclopropenimine base (vide 
infra). An example of an addition reaction promoted by an amidine is the addition of 
acyldiazomethane 5 into an aldehyde with 10 mol% DBU (Figure 6).8 Typically this 




























          
Figure 6. DBU catalyzed addition of acyldiazomethane into aldehydes. 
 
DBU catalyzes a tandem Michael-Aldol reaction, as well. As shown in Figure 7, 
the salicylic aldehyde 6 can add into an allenic carbonyl compound upon deprotonation. 
A subsequent Aldol step generates the 2H-1-benzopyran product 7.9  
 
        
Figure 7. Tandem Michael-Aldol reaction catalyzed by DBU. 
 
Although DBU is typically used as a base, in some cases it is a useful nucleophilic 
reagent, as well. In the Baylis-Hillman reaction, for example, DBU activates methyl 
acrylate to undergo a reaction with benzaldehyde (Figure 8).10 
 
 
Figure 8. DBU mediated Baylis-Hillman reaction. 
 
 In summary, amidines, particularly the cyclic bases DBU and DBN, have a 
variety of applications in base mediated processes. Compounds with this functional 








































low 20s in acetonitrile. By adding additional basic groups, the basicity can be increased 
further. That leads us to the next section, guanidines. 
 
Guanidines 
 Guanidines have an additional amine functionality in comparison to the structure 
of amidines. This added nitrogen atom increases the basicity of this class of compounds. 
Guanidine has a pKBH+ of 13.2 in water. The PA has been calculated at 235-236 kcal  
mol-1.1 The high basicity of guanidines is attributed to the stability of the conjugate acids 
(Figure 9). Resonance stabilization and Y-aromaticity are contributing factors to the 
basicity of guanidines.11 Guanidine is also a biologically important compound as it is 
present in the amino acid arginine (Figure 9). The guanidine functionality of this amino 
acid can act as a Brønsted base in the active site of a number of enzymes.12 This 
functional group found in nature inspired chemists to utilize the high basicity of these 
compounds for synthetic purposes.  
 
         
Figure 9. Guanidine functionality may be found in the amino acid arginine. 
 
 Acyclic guanidines were first studied as Brønsted bases by Barton in 1981.13 
These bases were thus titled “Barton’s bases” and have pKBH+ values of 23-24 in 
acetonitrile (Figure 10). Schwesinger introduced the cyclic guanidine TBD, which is 






























   
Figure 10. pKBH+ values of commonly used guanidines. 
 
 A commonly used route for the synthesis of guanidines involves a urea or 
thiourea intermediate (Figure 11). A secondary amine can be reacted with phosgene or 
thiophosgene to form the urea or thiourea. These compounds are then activated with 
oxalyl chloride or phosgene to yield an imidoyl chloride intermediate. This intermediate 
is highly reactive and sensitive to hydrolysis. Therefore, strict anhydrous conditions must 
be maintained. Addition of a primary amine then forms a guanidine hydrochloride salt. 
These salts are typically deprotonated with strong base, such as hydroxide or alkoxide. 
 
 
Figure 11. Common route for guanidine synthesis. 
 
  Guanidines are commonly used for conjugate addition reactions. Many relevant 
examples will be discussed in the following chapter with direct comparison to 
cyclopropenimine bases. These reactions include Michael reactions of phosphites and 
Henry reactions (vide infra). TMG also catalyzes the conjugate addition of thiophenol 
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product 8 (Figure 12a).15 The conjugate addition of benzyl alcohol into α,β-unsaturated 
ketone 9 is also catalyzed by TMG with no loss of existing stereochemistry in the product 
10 (Figure 12b).16 
 
 
Figure 12. Conjugate additions of thiophenol and benzyl alcohol. 
 
 An alkylation of an acidic β-keto ester was affected with BTMG as a 
stoichiometric base in the presence of methyl iodide (Figure 13).13 DBN was a much less 
active base in this reaction (31% yield in comparison to 80% yield). 
 
            
Figure 13. Alkylation of a β-keto ester with BTMG as a stoichiometric base. 
 
 Like DBU, TMG and other guanidines are largely used as bases, but, they can be 
used as nucleophilic catalysts as demonstrated with the Baylis-Hillman reaction (vide 
supra). TMG (and DBU) can also be used as ligands or bases in metal catalyzed 





































the Heck reaction between iodobenzene and butyl acrylate.17 Palladium loadings as low 
as 0.0004 mol% were reported with these conditions (Figure 14).  
 
       
Figure 14. Heck reaction with TMG ligand on palladium. 
  
 Many chiral guanidines have been synthesized for efforts toward asymmetric 
catalysis. Because the focus of this project is on achiral processes, chiral guanidines and 
their usage are not discussed in detail here. One example, a different reaction class than 
those previous discussed, is a guanidine catalyzed Diels-Alder reaction (Figure 15). 
Anthrone 11 can form a diene upon deprotonation and in the presence of maleimide 12, 
undergoes a Diels-Alder reaction to form the adduct 13 in an 85% yield with 98% 
enantiomeric excess.18 
 
           
Figure 15. Asymmetric Diels-Alder reaction catalyzed by a chiral guanidine. 
 
 In conclusion, a variety of nucleophiles can be activated with guanidine Brønsted 
bases. Various acyclic, cyclic and chiral guanidines have been synthesized and used 
































 First presented by Schwesinger in 1987, phosphazene superbases have a 
phosphorus atom core substituted with three amine functionalities and an imino 
nitrogen.19 Figure 16 shows the structure of two phosphazene bases. They are 
significantly more basic than amidines and guanidines and have pKBH+ values between 25 
and 29 in acetonitrile.  
 
              
Figure 16. P1-Phosphazene bases. 
 
 Higher order phosphazenes have been synthesized wherein a phosphorus atom is 
adorned with additional tris-aminoiminophosphorus substituents (Figure 17). These 
superbases are classified by the number of phosphorus atoms in the molecule and range 
from P1 bases up to P7 bases. These higher order superbases have dramatically increased 
basicities with pKBH+ values of up to 45.20  
 
          



























































 P1-Phosphazenes are readily synthesized by the addition of three equivalents of a 
secondary amine to phosphorus pentachloride. The phosphonium intermediate can then 
be substituted with a primary amine to install the imino nitrogen. Deprotonation to yield 
the neutral base is accomplished with potassium methoxide (Figure 18a).1 Higher order 
phosphazenes are made by adding unsubstituted phosphazenes into a 
trichloroiminophosphorane (Figure 18b). Although these routes are simple, they are 
challenging because of the reactive intermediates and moisture sensitive intermediates. 
 
 
Figure 18a. Synthesis of P1-phosphazene bases. b. Synthesis of higher order 
phosphazenes. 
  
 P1-phosphazenes have been used in a variety of transformations. Less acidic 
substrates, such as a glycinate imine 14 can be activated by BEMP.21 A catalytic, 
asymmetric alkylation of this substrate was conducted in the presence of a chiral 
quaternary ammonium salt (Figure 19). Phenylsulfinyl fluoroacetate 15 can also be 
activated with a P1 base.22 An alkylation occurs followed by an elimination event to yield 















































          
Figure 19. Activation of a glycinate imine with P1-phosphazene BEMP. 
 
      
Figure 20. Alkylation of a sulfinyl fluoroacetate compound mediated by BEMP. 
 
 The highly basic P4-tBu phosphazene can activate less acidic substrates. For 
example, 8-phenylmenthyl phenylacetate 17 can be alkylated in the presence of P4-tBu 
and an alkyl halide (Figure 21).23 This reaction typically requires a lithium base. 
However, poor diastereoselectivity is observed with lithium bases because of aggregation 
of the lithium enolate. Here, with the use of the phosphazene base, high 
diastereoselectivity was obtained with the ‘naked’ enolate. 
 
     
Figure 21. Activation of a phenylacetate moiety with a P4-phosphazene. 
 
 Phosphazene Brønsted bases allow access to a wide variety of nucleophiles 










































27 to 45 in acetonitrile. Advances such as chiral phosphazenes and polymer supported 
phosphazenes have also been made with this class of compounds.  
 
Proazaphosphatranes 
 Proazaphosphatranes are tris-amino substituted phosphorus atoms with an cage-
like framework that incorporates an additional nitrogen atom available to provide 
transannular stabilization upon protonation (Figure 22).24 The distance between the 
phosphorus atom and the axial nitrogen decreases from 3 to 2 Å upon protonation. Unlike 
the other bases discussed thus far, proazaphosphatranes are protonated at the phosphorus 
atom. Verkade reported these bases in 1977 and they are titled “Verkade’s bases.”25 Their 
high basicity was discovered serendipitously; these compounds were originally 
synthesized for the connection of metals with organometallic polymers with donor atoms 
on each end of the molecule. Although this original concept was unsuccessful, the pKBH+ 
of Verkade’s bases range from 32-34 in acetonitrile rendering these compounds 
significantly more basic than P1 phosphazenes.24 
 
         












 Proazaphosphatranes can be synthesized by the cyclization of 
tris(ethylamino)amines with ClP(NMe2)2 (Figure 23).24 The proazaphosphatrane salt is 
deprotonated with inorganic base to yield the neutral base.  
 
      
Figure 23. Synthetic route to Verkade’s bases. 
 
 These highly basic compounds have been utilized in various synthetic 
transformations. For example, an alcohol can be activated and added into an α,β-
unsaturated ketone with catalytic proazaphosphatrane (Figure 24a).26 Acetonitrile can 
also been deprotonated with Verkade’s base. With 10 mol% catalyst in the presence of 
magnesium sulfate to coordinate the ketone, β-hydroxynitriles are formed (Figure 24b).27  
 
  
Figure 24a. 1,4 addition of alcohols. b. Addition of acetonitrile into ketones. 
 
N(CH2CH2NH2)3









































 The development of highly basic, neutral organic Brønsted bases has allowed 
access to reactions previously only mediated by ionic bases such as lithium compounds, 
LDA, and alkoxides. Organic bases feature milder reaction conditions, potentially 
catalytic and/or asymmetric processes, higher solubility and a more reactive ‘naked’ 
anion. Because of these advantages, new classes of superbases that are stable, easy to 
handle and tunable are highly desirable. Toward this goal, the Lambert group has 
developed cyclopropenimines as a new class of Brønsted base. 
 
Cyclopropenimines 
 Organic Brønsted bases are fundamental reagents in organic synthesis. As 
discussed above, commonly used superbases include amidines, guanidines, phosphazenes 
and proazaphosphatranes. The Lambert group has identified an additional class of 
Brønsted basic compounds: cyclopropenimines.  
 Paquette first synthesized 2,3-aryl substituted cyclopropenimines in 1967 by 
coupling an isocyanate with a cyclopropenone (Figure 25a).28 In 1980, Weiss synthesized 
a 2,3-amino substituted cyclopropenimine by addition of silyl amines to 
tetrachlorocyclopropene (Figure 25b).29 The first synthetic utility of these compounds 
was reported by Alcarazo in 2010.30 In this publication, cyclopropenimines were 





                         
Figure 25. Previous syntheses of cyclopropenimines. 
 
 Maksic and coworkers predicted that cyclopropenimines would be strong organic 
bases computationally.31,32 They hypothesized that 2,3-amino substituents would increase 
the basicity and supported this notion computationally.  However, cyclopropenimines 
were not used as Brønsted bases until disclosed by the Lambert group in 2012.  
 Research in the Lambert group has largely focused on aromatic ions beginning in 
2009. The cyclopropenium ion is the smallest aromatic ring system with 2π electrons.33 
Hückel’s rule predicts that cyclic planar compounds with 4n+2 π electrons will exhibit 
aromatic stability and with regards to the cyclopropenium ion, n = 0.34 The ability of 
these compounds to be electronically charged but stable allows an interconversion 
between stable aromatic ion pairs and uncharged covalent compounds (Figure 26a). In 
this regard, several processes were developed in the Lambert group that involve a 
cyclopropenium activated intermediate (Figure 26b).35–38 With this context in mind, our 
group was interested in utilizing the stability of tris-amino cyclopropenium ions in the 


































Figure 26a. Equilibria of the aromatic cyclopropenium ion. b. Reaction platform for 
many previous Lambert group publications. c. Concept for highly basic 
cyclopropenimines. 
 
 My former coworker Dr. Jeff Bandar pioneered this project with a focus on 
asymmetric catalysis with cyclopropenimines. He synthesized chiral cyclopropenimine 
18 and found that it was an active catalyst for addition reactions with glycinate imine 
substrates. As shown in Figure 27a, the cyclopropenimine is significantly more active in 
the representative Michael addition than a comparable guanidine catalyst 19.39,40 This is 
presumably due to the increased basicity of the cyclopropenimine resulting from the 
aromatic cyclopropenium ion core. The cyclopropenimine catalyst is also effective in a 






























Figure 27a. Cyclopropenimine catalyst vs. guanidine catalyst in the Michael reaction 
of a glycinate imine. b. Mannich reaction catalyzed by the cyclopropenimine. 
 
 In summary, cyclopropenimines have been developed in the Lambert group as 
effective asymmetric Brønsted base catalysts. Because of their basicity and activity, we 
hypothesized that an achiral variant would be useful as a neutral organic Brønsted base, 
much like DBU and TMG. In the following chapter, the synthesis, stability and activity 
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Chapter 5 – Achiral Cyclopropenimines 
Introduction 
 Brønsted base catalyzed and mediated reactions are fundamental transformations 
in synthesis and in nature. Organic superbases and their importance have been discussed 
in detail in the previous chapter. The Lambert group has recently disclosed a new class of 
organic superbase—the cyclopropenimine (CPI). The group’s seminal publications focus 
on chiral cyclopropenimine 20 as a catalyst for asymmetric Michael and Mannich 
reactions.39,41 Beyond applications in asymmetric synthesis, we recognized the potential 
value of developing an achiral cyclopropenimine as a Brønsted base for general use. In 
this chapter, the performance of 1-butyl-2,3-bis(dicyclohexylamino)cyclopropenimine 21 
as a Brønsted base is explored. The cyclopropenimine is an effective reagent or catalyst 
for several reaction types including ether synthesis, aldol reactions, eliminations and 
phosphite additions. These reactions are discussed and comparisons to other commonly 
used organic superbases such as 1,8-diazabicycloundec-7-ene (DBU) and 1,1,3,3-
tetramethylguanidine (TMG) are made in this chapter. In addition to its synthetic utility, 
1-butyl-2,3-bis(dicyclohexylamino)cyclopropenimine (achiral CPI) can be prepared on 
large scale and is an air stable solid.  
 
 












Cyclopropenimine Properties and Synthesis 
 As discussed in Chapter 4, the cyclopropenimine class of superbase exhibits high 
basicity because the conjugate acid is not only stabilized by three nitrogen lone pairs 
(analogous to guanidine bases) but, it is also stabilized by the resulting aromatic ion core 
(Figure 29a). The pKBH+ of cyclopropenimine 22 was determined and confirms the 
hypothesis. The pKBH+ of cyclopropenimine 22 is three orders of magnitude more basic 
than DBU or BTMG and is of similar basicity to P1 phosphazene bases (Figure 29b).42 1H 
NMR shifts of 1:1 solutions of the protonated cyclopropenimine and a phosphazene base 
of known basicity were used to determine the pKBH+ values. Because of its high basicity, 
we hypothesized that the cyclopropenimine could activate a broad range of substrates and 
expand the current capabilities of organic superbases. 
 
         
Figure 29a. Aromatic ion core of the conjugate acid lends to high basicity. b. pKBH+ 
values of common organic superbases in comparison to CPI. 
 
The achiral cyclopropenimine is more stable than other bases of similar basicity. 






conjugate acid stabilized by:


























open to air. After more than six months of storage in a vial on the bench top, no 
decomposition or loss of reactivity was detected (for comparison with the chiral CPI vide 
infra). In contrast, phosphazene bases are sensitive to air and should be handled in a 
glove box.43,44 Figure 30 shows the rapid discoloration and decomposition of 
phosphazene base 23 while the cyclopropenimine remains unaffected. In addition, while 
common organic bases like DBU and TMG should be distilled prior to use due to 
potential hydrolysis, the achiral cyclopropenimine can be stored ready-to-use. Thus, the 
cyclopropenimine base has a significant operational advantage: no precautions or 
purifications are required prior to use. Because of the robustness of this base, almost all 
reactions presented in this chapter were conducted in an air atmosphere (aldol reactions 
with sensitive aldehydes were conducted under argon). 
 
      
Figure 30. Decomposition of a phosphazene base over several hours when open to 
air compared to stability of achiral CPI over several months. 
    
The chiral cyclopropenimine catalyst 20, in contrast, decomposes over time.39 The 
hydroxyl group used as a hydrogen bond donating functionality is deprotonated by the 
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results in a ring-opened decomposition product and this process occurs with a half-life of 
15 days at room temperature. The chiral catalyst is thus stored as the HCl salt and 
deprotonated only prior to use. However, the achiral base does not have an acidic proton 
available and no similar decomposition has been detected. We can therefore store this 
base in the ready-to-use neutral form as discussed above.  
 
     
Figure 31. Decomposition pathway for the chiral cyclopropenimine. 
 
In addition to the nice stability profile, the synthesis of cyclopropenimines is 
straightforward, scalable and tunable. We utilized the method first reported by Yoshida, 
in which a secondary amine is added to pentachlorocyclopropane 24 (Figure 32).45 The 
pentachlorocyclopropane is commercially available, but also readily synthesized on scale 
from commodity chemicals.46 In our group, up to 250 grams has been synthesized in one 
batch. Addition of six equivalents of N,N-dicyclohexylamine to pentachlorocyclopropane 
forms the stable chlorocyclopropenium 25. Butyl amine is then added with Hunig’s base 
to install the “imino” substituent. The resulting HCl salt of the cyclopropenimine can 

















Figure 32. Synthesis of cyclopropenimines.  
 
Conveniently, this entire synthetic route does not require any chromatography.  
Distillation of the pentachlorocyclopropane and recrystallization of the HCl salt of the 
cyclopropenimine are the only purification steps necessary. Over 50 grams of the achiral 
cyclopropenimine were synthesized quite easily in one batch. 
Dicyclohexylamino groups were selected as the 2,3 substituents on the 
cyclopropenimine because these large groups only add in to the pentachlorocyclopropane 
twice. The steric bulk keeps an additional equivalent of dicyclohexylamine from reacting 
with the chlorocyclopropenium chloride 25 and forming a tris-aminocyclopropenium ion. 
If a smaller secondary amine is desired, the tris-aminocyclopropenium ion can be 
hydrolyzed with potassium hydroxide and then converted into a cyclopropenimine.42 For 
ease of synthesis, we selected the larger dicyclohexylamino substituent. In addition to the 
simplified synthetic route, the dicyclohexylamino substituents yield cyclopropenimines 
that are crystalline solids. If diisopropylamino substituents are incorporated instead, the 
cyclopropenimine is an oil. Butyl amine was selected as the “imino” substituent because 
it is cheap and available in liquid form. Methyl- and ethylamine, for example, are only 




































substituents, this route is tunable and provides the ability to readily synthesize an array of 
cyclopropenimines. 
In summary, the cyclopropenimine Brønsted base has several appealing 
characteristics. We have found that it is highly basic with a pKa of 27 in acetonitrile. The 
achiral cyclopropenimine is also stable in air and can be stored ready-to-use. Lastly, the 
synthesis of this class of compounds is easy, scalable, and tunable. With this basic 
reagent in hand, we set out to explore a series of simple Brønsted base mediated and 
catalyzed reactions. We opted to compare the cyclopropenimine in many of these 
reactions to the amidine base DBU and the guanidine base TMG. 
 
Ether Formation 
 We first explored the Williamson ether synthesis by way of an alkylation of 
phenols using 1.5 equivalents of base in the presence of an alkyl halide. The Williamson 
ether synthesis is useful for protecting phenols and typically alkoxides, sodium hydride, 
inorganic bases or in some cases, organic bases such as guanidine are used.47 In this type 
of reaction, a comparison was made between the cyclopropenimine base and other 
organic bases and an inorganic base, as well.  
In the simplest case, alkylation of phenol with methyl iodide, we found the 
cyclopropenimine base was more effective than DBU, TMG or sodium hydroxide (Figure 
33). In the highly polar solvent N,N-dimethylformamide (DMF), the inorganic hydroxide 
is comparable to the cyclopropenimine base. Both reactions are to complete conversion 
within 5 minutes. However, when using less polar solvents such as acetonitrile, 




Across the range of solvents, the cyclopropenimine outcompetes DBU and TMG; in the 
literature, heat is typically required for this type of reaction with these bases.48 The 
cyclopropenimine yields a more reactive phenoxide nucleophile. The pKa of phenol is 
29.1 in acetonitrile and, therefore, the cyclopropenimine is deprotonating the phenol to a 
greater extent than DBU and TMG.49 Another contributing factor to the difference in rate 
may be the more “naked” phenoxide anion due to the nature of the electron-rich 
cyclopropenium cation.  
 
 
Figure 33. Base comparison for the alkylation of phenol with methyl iodide in 
various solvents. 
 
 A crystal structure was obtained of the cyclopropenium 2,4,6-tribromophenoxide 
salt. Here, the N-H bond distance is 0.87 Å. In comparison, the completely protonated 
chiral cyclopropenimine (which has a chloride counter ion) has a N-H bond distance of 
0.88 Å. The phenol appears to be completely deprotonated by the cyclopropenimine. But, 
the 2,4,6-tribromophenol is an acidic phenol and this is a solid-state structure and may 

































Figure 34. Crystal structure of tribromophenol deprotonated by the CPI. 
 
 The same set of ether formation experiments was completed using the less 
reactive alkylating agent isopropyl iodide (Figure 35). Here, a 4-hour reaction time is 
required rather than the 5-minute time point with methyl iodide. Although the 
conversions with the less reactive electrophile are slightly lower, a similar trend to the 
methyl iodide case is observed. The cyclopropenimine base still outcompetes hydroxide 
in all solvents except DMF. DBU is ineffective with the less reactive electrophile and 














Figure 35. Base comparison for the alkylation of phenol with isopropyl iodide in 
various solvents. 
 
 A substrate scope shows the generality of this process (Table 1). Electron-rich 
phenols, such as entry 38, were tolerated, as well as electron-deficient phenols (entry 35). 
Phenols with large substituents in the ortho-position were also suitable substrates but 
required longer reaction times (entries 33, 34). Activated alkylating reagents reacted the 
fastest (such as entries 29 and 30), but non-activated primary and secondary alkylating 
agents can also be engaged in this reaction with longer reaction times (such as entries 28, 
31 and 32). Different substrates were conducted in various solvents to demonstrate the 





































 In summary, the achiral cyclopropenimine is an effective base for the alkylation 
of phenols. For substrates with a challenging solubility profile, cyclopropenimines 
provide an alternative base that can effect this transformation in a variety of solvents at 
room temperature and generally with short reaction times. In addition, less reactive 
electrophiles and nucleophiles can be engaged with the cyclopropenimine base. 
 
Aldol Reactions 
 The aldol reaction involves the addition of an enolate into an aldehyde or ketone 
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with preformed enolates, such as lithium or boron enolates.50 Asymmetric reactions of 
this type require reagent control, such as chiral auxiliaries or chiral ligands.51 For a direct 
asymmetric catalytic aldol reaction, organocatalysis has proven to be useful.52 Secondary 
amine catalysts have been employed and proceed via an imine/enamine mechanism. But, 
there are fewer examples that are catalyzed by tertiary amines and an α-deprotonation 
mechanism. Substrates are limited to acidic compounds such as α-hydroxyacetone and β-
keto esters.53,54 DBU is not sufficiently reactive to promote a direct aldol reaction with 
less acidic substrates. Therefore, we hoped to demonstrate the utility of the more basic 
cyclopropenimine and catalyze various aldol reactions. 
 Table 2 shows a small substrate scope of aldol products synthesized with a 10 
mol% catalyst loading of cyclopropenimine. The self-condensation of propanal can be 
affected in good yields. In THF, the addition product 39 is obtained. Upon switching the 
solvent to diethyl ether, the condensation product 40 is obtained exclusively. We next 
examined the cross-aldol reaction between two aldehydes. The aldol reaction between 
isobuteraldehyde and nitrobenzaldehyde successfully forms an α-quaternary center in 
compound 41. In addition, activated imines such as a glycinate imine (which has a pKa of 
18.7 in DMSO) can also be activated by the cyclopropenimine. Here, the aldol addition 
into hydrocinnamaldehyde occurs with a high yield and modest diastereoselectivity to 
form product 42. On a side note, using the chiral cyclopropenimine 20 in this aldol 
reaction and modifying the reaction conditions (toluene as a solvent at 0 °C) led to an 
82% yield with a 70% enantiomeric excess (Figure 36). Returning to Table 2, α-




of the lower pKa of this substrate the cyclopropenimine performed similarly to DBU in 
this case. 
 
Table 2. Aldol substrate scope. 
 
 
          
Figure 36. Enantioselective aldol reaction between a glycinate imine and 
hydrocinammaldehyde. 
 
 A similar Henry reaction was also demonstrated with the cyclopropenimine 
catalyst. Nitromethane, which has a pKa of 17 in DMSO, can be deprotonated and then 
added into nitrobenzaldehyde (Figure 37). While these reactions are typically conducted 
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well under neat conditions.55 However, in solution, the cyclopropenimine catalyst 
significantly outcompetes TMG and DBU.  
 
   
Figure 37. Henry reaction between nitromethane and nitrobenzaldehyde. 
 
In summary, the cyclopropenimine is an active Brønsted base catalyst for aldol 
reactions. This method provides a complimentary route to enamine catalysis for the direct 
synthesis of aldol adducts. The possibility of conducting these reactions asymmetrically 
is also demonstrated with the glycinate imine example.  
 
Phosphite Additions and Eliminations 
 The Pudovik reaction, in which a P-H bond is engaged and added into a ketone, 
was also explored. The addition reactions of phosphites generate synthetically useful 
phosphonate compounds (such as HWE reagents) and these reactions are typically 
promoted by alkoxides.57 Dimethyl phosphite has a calculated pKa of 18 in DMSO and, 
therefore, we hypothesized that the cyclopropenimine would be a more effective base 
than TMG and DBU.58 For example, the reaction shown in Figure 38a has been catalyzed 
by TMG, although the yield was moderate (66% in 12 h) and neat conditions were 
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the reaction to any extent while the cyclopropenimine catalyst yields the desired product 
in an 83% yield. 
 With a more electron-deficient electrophile, a Phospha-Brook rearrangement 
occurs to form a phosphate compound.60 The reaction shown in Figure 38b was reported 
in the literature using DBU as a catalyst. Under the reported conditions (10 mol% catalyst 
loading, 80 °C, DMF) the product was formed in a 58% yield in 2 hours. Alternatively, 
the cyclopropenimine catalyst formed the rearranged product in an 83% yield at room 
temperature in 30 minutes.  
The cyclopropenimine is a significantly more reactive base than DBU and TMG 
in the Pudovik reaction and the phospha-Brook rearrangement. Exploring the reactivity 
with other electrophiles could lead to mild routes to Horner-Wadsworth-Emmons 
reagents.  
 
      
Figure 38a. Phosphite addition into cyclohexanone. b. Phosphite addition and 
subsequent rearrangement. 
  
 We have explored the cyclopropenimine base in an elimination reaction, as well. 
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temperatures (100 °C) in DMF are typically used.61 Treatment of iodocyclopentane (in 
ethanol at 50 °C) with an excess of cyclopropenimine yielded cyclopentene in a 95% 
yield by 1H NMR. DBU, in comparison, only results in a 10% yield under these milder 
reaction conditions.  
 
 
Figure 39. Elimination reaction mediated by a cyclopropenimine. 
 
Summary  
In conclusion, cyclopropenimines are a new class of superbase developed by the 
Lambert group. Previously, the group has shown cyclopropenimines are viable 
asymmetric catalysts and, here, we demonstrate their use as an achiral base for use in a 
range of base mediated and catalyzed reactions. In most cases, the cyclopropenimine is 
more effective than the commonly used bases DBU and TMG. In addition to its higher 
basicity, the cyclopropenimine is also a stable solid, which can be easily synthesized on 
scale. 
Future directions include tuning the cyclopropenimine substituents to find 
effective asymmetric catalysts for a broad array of reactions, including some discussed in 
this chapter. In addition, some coworkers in the Lambert group have focused their efforts 
on developing higher order cyclopropenimine superbases with the goal of activating even 
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General Information. All reactions were performed using oven-dried glassware open to 
air unless noted. Organic solutions were concentrated using a Buchi rotary evaporator. 
Aldehydes were distilled before use. 1,8-diazabicycloundec-7-ene (DBU) and 1,1,3,3-
tetramethylguanidine (TMG) were distilled before use.  All other commercial reagents 
were used as provided. Pentachlorocyclopropane was prepared according to reported 
methods.1 Flash column chromatography was performed employing 32-63 µm silica gel 
(Dynamic Adsorbents Inc). Thin-layer chromatography (TLC) was performed on silica 
gel 60 F254 plates (EMD). 
 1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300, DRX-400, and 
DRX-500 spectrometers as noted. Data for 1H NMR are reported as follows: chemical 
shift (δ ppm), multiplicity (s = singlet, brs = broad singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet), coupling constant (Hz), integration, and assignment. Data for 13C 
NMR are reported in terms of chemical shift. Infrared spectra were recorded on a Nicolet 
Avatar 370DTGS FT-IR. Low- resolution mass spectra (LRMS) were acquired on a 
JEOL JMS-LCmate liquid chromatography mass spectrometer system using CI+ 
ionization technique. Cyclopropenimine is abbreviated as CPI.  
 
Synthesis of Cyclopropenimine.  
 
 
                                                







CH2Cl2, rt, 2 d NCy2Cy2N
H2NBu (1 equiv.)
iPr2EtN (3 equiv.)












1-butyl-2,3-bis(dicyclohexylamino)cyclopropenimine: Dicyclohexylamine (284 mL, 
1.43 mol, 6 equiv.) was added slowly to a solution of pentachlorocyclopropane1 (51.13 g, 
0.239 mol, 1 equiv.) in CH2Cl2 (2.4 L, 0.1M) in a 3L round bottom flask. The reaction 
was stirred for 2 d at room temperature. Concentrated HCl was added until the reaction 
mixture was acidic by pH paper. The resulting mixture was filtered through celite to 
remove the precipitate. The solution was then washed with 1M HCl x3, dried with 
sodium sulfate and concentrated. The resulting solid was triterated with hot EtOAc. 1M 
HCl washes followed by triteration with hot EtOAc was repeated (to remove the 
remaining dicyclohexylammonium salt) to yield 1-chloro-2,3-
bis(dicyclohexylamino)cyclopropenium chloride as an off white solid in a 76% yield. The 
solid (85.6 g, 0.165 mol, 1 equiv.) was then dissolved in CH2Cl2 (1.65 L, 0.1M) to which 
butylamine (16.3 mL, 0.165 mol, 1 equiv.) and Hunig’s base (86.2 mL, 0.495 mol, 3 
equiv.) were added. The solution was stirred for 1 d at room temperature. The solution 
was then washed with 1M HCl, dried with sodium sulfate and concentrated. The resulting 
protonated cyclopropenimine was recrystallized from benzene/hexanes to yield a white 
powder (50 g, 65-86% yields). If dicyclohexylammonium salt remains as an impurity, the 
solid can be dissolved in PhMe (0.01M) and washed with 1M HCl x2, dried with sodium 
sulfate, and concentrated. 1H-NMR (300 MHz, CDCl3): 8.84 (t, J=5.7, 1H, NHBu), 3.55-
3.48 (m, 2H, CH2(CH2)2CH3), 3.34-3.26 (m, 4H, NCH(CH2)5), 1.94-1.30 (m, 44H, 
NCH(CH2)5 and =NCH2(CH2)2CH3), 0.93 (t, J=7.2, 3H, CH3). 13C-NMR (75 MHz, 
CDCl3): 117.4, 114.2, 59.6, 46.2, 33.8, 32.4, 25.9, 24.7, 19.9, 14.0. IR (thin film, cm-1): 
3109, 2927, 2855, 1499, 724. LRMS (APCI+): exact mass calc’d for C31H54N3+ (MH+) 





The protonated cyclopropenimine was dissolved in CH2Cl2, washed with 1M NaOH, 
dried with sodium sulfate and concentrated to yield the neutral cyclopropenimine as an 
off white solid. 1H-NMR (400 MHz, CDCl3): 3.41 (t, J=7.6, 2H, =NCH2(CH2)2CH3), 
3.21-3.15 (m, 4H, NCH(CH2)5), 1.88-1.27 (m, 44H, NCH(CH2)5 and =NCH2(CH2)2CH3), 
0.93 (t, J=7.2, 3H, =NCH2(CH2)2CH3). 13C-NMR (75 MHz, CDCl3): 114.2, 77.4, 59.2, 
32.6, 26.1, 24.9, 20.4, 20.3, 14.2. IR (thin film, cm-1): 2928, 2855, 1617, 1492, 1345, 895. 
LRMS (APCI+): exact mass calc’d for C31H53N3+ (MH+) requires m/z 468.42, found m/z 
468.87.  
 
      
1-butylamino-2,3-bis(dicyclohexylamino)cyclopropenium-2’,4’,5’-
tribromophenoxide. 2,4,5-tribromophenol (66 mg, 0.2 mmol, 1 equiv.) and 1-butyl-2,3-
bis(dicyclohexylamino)cyclopropenimine (93 mg, 0.2 mmol, 1 equiv.) were dissolved in 
EtOAc (2 mL, 0.1M). The solution was concentrated after 2 hours and the resulting solid 
was recrystallized in hot EtOAc/hexanes to yield crystals for X-ray analysis. 1H-NMR 
(300 MHz, CDCl3): 10.38 (br s, 1H, NH), 7.37 (s, 2H, ArH), 3.44 (m, 2H, HNCH2-), 3.31 
(m, 4H, NCH(CH2)5), 1.87-1.17 (m, 44H, NCH(CH2)5 and HNCH2(CH2)2CH3), 0.89 (t, 
J=7.5, 3H, CH3). 13C-NMR (75 MHz, CDCl3): 161.7, 133.0, 115.2, 114.4, 97.4, 77.4, 






















solvent (0.2 M), rt
4 h
Stability study. Vials containing 1-butyl-2,3-bis(dicyclohexylamino)cyclopropenimine 
or phosphazene base P1-tBu-tris(tetramethylene) were left uncapped open to air. Pictures 
were taken immediately after placement in the vials and at subsequent time points. 1H-
NMR spectra were also obtained at these time points. 
 
Alkylation rate experiments. To a 0.2M solution of phenol in the desired solvent was 
added benzyl ether as a standard (19µL, 0.1 mmol, 1 equiv.). The base (CpIm, DBU or 
TMG) was then added (0.15 mmol, 1.5 equiv.). Lastly, the alkylating agent (0.3 mmol, 3 
equiv.) was added. At the designated time (5 min with iodomethane or 4 h with isopropyl 
iodide) a small aliquot was taken from the reaction flask and diluted with CDCl3. An 1H-






DMF CH3CN DCM iPrOH 
TMG 21 14 0 3 
DBU 24 20 10 2 
NaOH 100 0 0 6 
CpIm 95 100 100 95 
 
DMF CH3CN DCM 
TMG 15 4 0 
DBU 24 14 8 
NaOH 100 25 0 




Alkylation procedure. To a 0.2 M solution of the phenol substrate (0.3 mmol, 1 equiv.) 
in the desired solvent (0.2M) was added 1-butyl-2,3-
bis(dicyclohexylamino)cyclopropenimine (211 mgs, 0.45 mmol, 1.5 equiv.). Lastly, the 
alkylating agent (0.9 mmol, 3 equiv.) was added. The reaction was monitored by 1H-
NMR or TLC. Upon completion, the reaction mixture was loaded onto a column and 
purified by column chromatography unless otherwise noted.  
 
      
Anisole. The alkylation procedure was followed. The reaction could be conducted in 
CH2Cl2, MeCN, iPrOH, or DMF.  Iodomethane was used as the alkylating agent. Because 
of the volatility of the product, benzyl ether was used as a standard for an 1H-NMR yield 
(95-100% yields in 5 min, see above). Spectral data match those previously reported.2  
 
      
Benzyl phenyl ether. The alkylation procedure was followed with iPrOH as solvent. 
Benzyl bromide was used as the alkylating agent. The reaction was complete in 30 m and 
the solution was diluted with CH2Cl2, washed with 1M HCl, dried with sodium sulfate 
and concentrated. The compound was purified by column chromatography (hexanes) to 
yield the title compound as a white solid (41 mg, 75% yield). The chemical shifts 
                                                
2 Sawama, Y.; Yabe, Y.; Shigetsura, M.; Yamada, T.; Nagata, S.; Fujiwara, Y.; 






observed match those reported.3 1H-NMR (300 MHz, CDCl3): 7.44-7.25 (m, 7H, ArH), 
6.99-6.95 (m, 3H, ArH), 5.06 (s, 2H, CH2). 
 
      
Ethyl phenyl ether. The alkylation procedure was followed with CH2Cl2 as solvent. 
Bromoethane was used as the alkylating agent. The reaction was complete in 1.5 h. The 
compound was purified by column chromatography (hexanes) to yield the title compound 
as a colorless oil (26 mg, 70% yield). The chemical shifts observed match those 
reported.4 1H-NMR (300 MHz, CDCl3): 7.30-7.25 (m, 2H, ArH), 6.95-6.88 (m, 3H, ArH), 
4.04 (q, J=7.2, 2H, CH2), 1.41 (t, J=7.2, 3H, CH3). 
 
 
Ethyl phenoxyacetate. The alkylation procedure was followed with DMF as solvent. 
Ethyl bromoacetate was used as the alkylating agent. The reaction was complete in 5 m 
and was diluted with CH2Cl2, washed with water, dried with sodium sulfate and 
concentrated. The compound was purified by column chromatography (hexanes-5% 
EtOAc/hexanes) to yield the title compound as a light yellow oil (54 mg, 100% yield). 
The chemical shifts observed match those reported.5 1H-NMR (300 MHz, CDCl3): 7.31-
                                                
3 Guo, L.; Zhang, F.; Hu, W.; Li, L.; Jia, Y. Chem. Commun. 2014, 50, 3299 - 3302. 
4 Gueell, I.; Ribas, X. Eur. J. Org. Chem. 2014, 15, 3188-3195. 








7.28 (m, 2H, ArH), 6.98-6.89 (m, 3H, ArH), 4.61 (s, 2H, OCH2CO2Et), 4.26 (q, J=6.0, 
2H, OCH2CH3), 1.29 (t, J=12.6, 3H, CH3). 
 
    
Allyl phenyl ether. The alkylation procedure was followed with CH2Cl2 as solvent. Allyl 
bromide was used as the alkylating agent. The reaction was complete in 5 m. The 
compound was purified by column chromatography (hexanes) to yield the title compound 
as a light yellow oil (30 mg, 75% yield). The chemical shifts observed match those 
reported.6 1H-NMR (300 MHz, CDCl3): 7.29-7.23 (m, 2H, ArH), 6.93-6.89 (m, 3H, 
ArH), 6.10-5.99 (m, 1H, OCH2CHCH2), 5.42-5.36 (dd, J=1.8,17.4, 1H, CHCH2), 5.28-
5.24 (dd, J=1.2, 10.5, 1H, CHCH2), 4.52 (d, J=5.4, 2H, OCH2CHCH2). 
 
    
Isopropyl phenyl ether. The alkylation procedure was followed with CH2Cl2 as solvent. 
Isopropyl iodide was used as the alkylating agent. The reaction was complete in 18 h. 
The compound was purified by column chromatography (hexanes-5% EtOAc/hexanes) to 
yield the title compound as a colorless oil (36 mg, 87% yield). The chemical shifts 
observed match those reported.7 1H-NMR (300 MHz, CDCl3): 7.29-7.23 (m, 2H, ArH), 
6.91-6.87 (m, 3H, ArH), 4.54 (sep, J=6.0, 1H, OCH(CH3)2) 1.33 (d, J=6.0, 6H, 
OCH(CH3)2). 
                                                
6 Huo, X.; Quan, M.; Yang, G.; Zhao, X.; Liu, D.; Liu, Y.; Zhang, W. Org. Lett. 2014, 
16, 1570-1573. 








   
2,4,6-tribromophenyl methyl ether.  The alkylation procedure was followed with 
CH2Cl2 as solvent. Iodomethane was used as the alkylating agent. The reaction was 
complete in 45 m. The compound was purified by column chromatography (hexanes) to 
yield the title compound as a white solid (93 mg, 90% yield). The chemical shifts 
observed match those reported.8 1H-NMR (300 MHz, CDCl3): 7.64 (s, 2H, ArH), 3.86 (s, 
3H, CH3). 
 
       
Ethyl (4-methoxyphenoxy)acetate. The alkylation procedure was followed with CH2Cl2 
as solvent. Ethyl bromoacetate was used as the alkylating agent. The reaction was 
complete in 5 m. The compound was purified by column chromatography (10% 
EtOAc/hexanes) to yield the title compound as a yellow solid (63 mg, 100% yield). The 
chemical shifts observed match those reported.9 1H-NMR (300 MHz, CDCl3): 6.88-6.81 
(m, 4H, ArH), 4.56 (s, 2H, OCH2CO2Et), 4.26 (q, J=7.2, 2H, CO2CH2CH3), 3.76 (s, 3H, 
OCH3), 1.29 (t, J=7.2, 3H, CO2CH2CH3). 
 
                                                
8 Durkin, K.A.; Langler, R.F.; Morrison N. A. Can. J. Chem. 1988, 66, 3070-3076. 
9 Chen, Y.; Cao, D.; Wang, L.; He, M.; Zhou, L.; Schollmeyer, D.; Meier, H. Chem. Eur. 









    
2-isopropoxybenzonitrile. The alkylation procedure was followed with CH2Cl2 as 
solvent. Isopropyl iodide was used as the alkylating agent. The reaction was complete in 
18 h. The compound was purified by column chromatography (10% EtOAc/hexanes-20% 
EtOAc/hexanes) to yield the title compound as an orange oil (34 mg, 71% yield). The 
chemical shifts observed match those reported.10 1H-NMR (300 MHz, CDCl3): 7.56-7.46 
(m, 2H, ArH), 6.97-6.94 (m, 2H, ArH), 4.65 (sep, J=6.0, 1H, OCH(CH3)2), 1.40 (d, 
J=6.3, 6H, OCH(CH3)2).  
 
     
Cyclopentyl-2-naphthyl ether. The alkylation procedure was followed with CH2Cl2 as 
solvent. Cyclopentyl iodide was used as the alkylating agent. The reaction was complete 
in 24 h. The compound was purified by column chromatography (hexanes) to yield the 
title compound as a white solid (27 mg, 42% yield). 1H-NMR (300 MHz, CDCl3): 7.74-
7.67 (m, 3H, ArH), 7.40 (t, 1H, J=7.2, ArH), 7.29 (t, J=7.8, 1H, ArH), 7.11-7.09 (m, 2H, 
ArH), 4.91-4.83 (m, 1H, OCH(CH2CH2)2), 1.98-1.60 (m, 8H, OCH(CH2CH2)2). 
13C-NMR (75 MHz, CDCl3): 156.1, 134.7, 129.4, 128.8, 127.7, 126.8, 126.3, 123.5, 
119.8, 108.1, 79.4, 33.0, 24.3. IR (thin film, cm-1): 3061, 2956, 2869, 1625, 1597, 1255, 
835, 742. LRMS (APCI+): exact mass calc’d for C15H16O+ (MH+) requires m/z 213.12, 
found m/z 213.35. 
                                                
10 Leardini, R.; McNab, H.; Minozzi, M.; Nanni, D.; Reed, D.; Wright, A.G. J. Chem. 










1-benzyloxy-2-isopropylbenzene. The alkylation procedure was followed with CH2Cl2 
as solvent. Benzyl bromide was used as the alkylating agent. The reaction was complete 
in 24 h. The compound was purified by column chromatography (hexanes) to yield the 
title compound as a yellow oil (65 mg, 90% yield). The chemical shifts observed match 
those reported.11 1H-NMR (300 MHz, CDCl3): 7.43-7.11 (m, 7H, ArH), 6.95-6.89 (m, 




1-benzyloxy-2-tert-butylbenzene. The alkylation procedure was followed with CH2Cl2 
as solvent. Benzyl bromide was used as the alkylating agent. The reaction was complete 
in 24 h. The compound was purified by column chromatography (hexanes) to yield the 
title compound as a light yellow oil (48 mg, 67% yield). 1H-NMR (300 MHz, CDCl3): 
7.48-7.29 (m, 6H, ArH), 7.19-7.13 (m, 1H, ArH), 6.95-6.88 (m, 2H, ArH), 5.12 (s, 2H, 
OCH2Ph), 1.40 (s, 9H, C(CH3)3). 13C-NMR (75 MHz, CDCl3): 157.8, 138.5, 137.6, 
128.7, 127.8, 127.5, 127.2, 126.9, 120.7, 112.6, 70.2, 35.0, 30.0. IR (thin film, cm-1): 
                                                
11 Shiohara, H.; Nakamura, T.; Kikuchi, N.; Ozawa, T.; Nagano, R.; Matsuzawa, A.; 











2955, 2869, 1596, 1441, 1225, 744. LRMS (APCI+): exact mass calc’d for C17H20O+ 
(MH+) requires m/z 241.15, found m/z 241.40. 
 
 
1-methoxy-4-propoxybenzene. The alkylation procedure was followed with iPrOH as 
solvent. Bromopropane was used as the alkylating agent. The reaction was complete in 
18 h. The compound was purified by column chromatography (hexanes-5% 
EtOAc/hexanes) to yield the title compound as a white solid (47 mg, 94% yield). The 
chemical shifts observed match those reported.12 1H-NMR (300 MHz, CDCl3): 6.83 (s, 
4H, ArH), 3.86 (t, J=6.6, 2H, OCH2CH2), 3.76 (s, 3H, OCH3), 1.76 (sext, J=7.5, 2H, 




     
2-(5,5-dimethyl-1,3-dioxan-2-yl)pentan-3-ol. Bis(dicyclohexylamino)cyclopropenimine 
(20 mg, 0.044 mmol, 10 mol%) was dissolved in dry THF (1.1 mL, 0.4 M). 
Propionaldehyde (0.1 mL, 1.32 mmol, 3 equiv.) was added and the solution was stirred at 
room temperature for 2 d. Amberlyst 15 (50 mg) and neopentyl glycol (140 mg) were 
                                                













added and the mixture was stirred for 24 h.13 The solution was filtered and then purified 
by column chromatography (10% EtOAc/hexanes) to yield the title compound as a light 
yellow oil (59 mg, 65% yield) in a diastereomeric ratio of 55:45 anti:syn (dr was the 
same before and after chromatography). 1H-NMR (300 MHz, CDCl3): Major 
diastereomer (anti): 4.51 (d, J=4.0, 1H, -CH(O-)2), 3.66-3.61 (m, 3H, O(CH2)C(CH3)2- 
and CH(OH)), 3.45-3.37 (m, 3H, (O(CH2)C(CH3)2- and OH), 1.81-1.38 (m, 3H, 
CH(CH3) and CH2CH3), 1.19 (s, 3H, C(CH3)2), 0.98-0.92 (m, 6H, CH2CH3 and CHCH3), 
0.72 (s, 3H, C(CH3)2). Minor diastereomer (syn): 4.47 (d, J=3.0, 1H, -CH(O-)2), 3.92-
3.87 (m, 1H, CH(OH)), 3.66-3.61 (m, 2H, O(CH2)C(CH3)2-), 3.45-3.37 (m, 2H, 
(O(CH2)C(CH3)2-), 2.90 (s, 1H, OH), 1.81-1.38 (m, 3H, CH(CH3) and CH2CH3), 1.19 (s, 
3H, C(CH3)2), 0.98-0.92 (m, 6H, CH2CH3 and CHCH3), 0.72 (s, 3H, C(CH3)2).  13C-
NMR (75 MHz, CDCl3): both diastereomers: 105.6, 105.0, 73.8, 72.7, 42.0, 41.0, 30.4, 
27.5, 27.1, 23.1, 23.1, 21.9, 21.9, 12.0, 10.8, 9.5, 7.5. IR (thin film, cm-1): 3506, 2955, 
2851, 1464, 1102, 732. LRMS (APCI+): exact mass calc’d for C11H22O3+ (MH+) requires 
m/z  203.16, found m/z 203.38. 
 
    
2-methyl-2-pentenal. Bis(dicyclohexylamino)cyclopropenimine (20 mg, 0.044 mmol, 10 
mol%) was dissolved in EtOH (1 mL, 0.4 M). Propionaldehyde (0.06 mL, 0.86 mmol, 2 
equiv.) was then added and the solution was stirred at room temperature for 4 h. Because 
                                                







of the volatility of the product, benzyl ether was used as a standard for an 1H-NMR yield 
(100% yield). Spectral data match those previously reported.14   
 
     
3,3-dimethoxy-2,2-dimethyl-1-(4-nitrophenyl)propan-1-ol. 
Bis(dicyclohexylamino)cyclopropenimine (14 mg, 0.03 mmol, 10 mol%) was dissolved 
in Et2O (0.75 mL, 0.4 M). Nitrobenzaldehyde (90 mg, 0.6 mmol, 2 equiv.) was added 
followed by isobutyraldehyde (28 µL, 0.3 mmol, 1 equiv.). The solution was stirred at 
room temperature for 6 h. The solution was concentrated and then Amberlyst 15 (50 mg) 
and MeOH (1 mL) were added. The mixture was stirred overnight. It was then filtered 
and concentrated. The compound was purified by column chromatography (10% 
EtOAc/hexanes) to yield the title compound as a light yellow solid (46 mg, 57% yield). 
The chemical shifts observed match those reported.15 1H-NMR (300 MHz, CDCl3): 8.17 
(d, J=8.7, 2H, ArH), 7.51 (d, J=8.7, 2H, ArH), 4.95 (s, 1H, -CH(OCH3)2), 4.19 (s, 1H, 
OH), 4.06 (s, 1H, ArCH(OH)-), 3.59 (s, 6H, -C(CH3)2-), 0.91 (s, 3H, OCH3), 0.74 (s, 3H, 
OCH3).  13C-NMR (75 MHz, CDCl3): 148.9, 148.3, 129.1, 122.8, 114.6, 77.0, 59.0, 43.8, 
22.0, 16.9. LRMS (APCI+): exact mass calc’d for C13H19NO5+ (MH+) requires m/z 
270.13, found m/z 270.50. 
 
                                                
14 Erkkilae, A.; Pihko, P.M. Eur. J. Org. Chem. 2007, 25, 4205-4216. 









     
tert-butyl-2-(benzhydrylamino)-3-hydroxy-5-phenylpentanoate. 
Bis(dicyclohexylamino)cyclopropenimine (16 mg, 0.0339 mmol, 10 mol%) and tert-
butyl glycinate benzophenone Schiff base (0.1 g, 0.339 mmol, 1 equiv.) were dissolved in 
dry Et2O (1.36 mL, 0.25 M). Hydrocinnamaldehyde (0.09 mL, 0.678 mmol, 2 equiv.) was 
then added to the solution. The solution was stirred at room temperature for 2 h. MeOH 
(0.5 mL), sodium cyanoborohydride (53 mg, 0.848 mmol, 2.5 equiv.), and acetic acid (39 
µL, 0.678 mmol, 2 equiv.) were then added and the mixture was stirred overnight.16 The 
mixture was then filtered through a plug of silica with Et2O, concentrated and the purified 
by column chromatography (5% EtOAc/hexanes) to yield both diastereomers of the title 
compound as a white solid (137 mg, 0.319 mmol, 94% yield) in a ratio of 4:1 syn:anti (dr 
was 4:1 before and after column).  The chemical shifts observed match those reported.17 
1H-NMR (300 MHz, CDCl3): Major diastereomer (syn): 7.40-7.15 (m, 15H, ArH), 4.83 
(s, 1H, NHCHPh2), 3.65-3.59 (m, 1H, -CH(OH)CH2CH2Ph), 3.02 (d, J=6.6, 1H, 
tBuO2CCH(NHCHPh2)-),  2.83-2.58 (m, 3H, CH2CH2Ph and Het-H), 1.86-1.80 (m, 3H, 
CH2CH2Ph and Het-H), 1.44 (s, 9H, C(CH3)3). Minor diastereomer (anti): 7.40-7.15 (m, 
15H, ArH), 4.84 (s, 1H, NHCHPh2), 3.76-3.70 (m, 1H, -CH(OH)CH2CH2Ph), 3.26 (d, 
J=4.8, 1H, tBuO2CCH(NHCHPh2)-),  2.83-2.58 (m, 3H, CH2CH2Ph and Het-H), 1.69-
1.64 (m, 3H, CH2CH2Ph and Het-H), 1.41 (s, 9H, C(CH3)3). 13C-NMR (75 MHz, CDCl3): 
Major diastereomer: 173.1, 143.9, 142.1, 128.8, 128.5, 127.8, 127.5, 127.4, 125.9, 82.1, 
                                                
16 Trost, B.M.; Miege, F. J. Am. Chem. Soc. 2014, 136, 3016-3019. 










71.6, 65.8, 64.5, 35.5, 31.8, 28.3. LRMS (APCI+): exact mass calc’d for C28H33NO3+ 
(MH+) requires m/z  432.25, found m/z 432.66. 
 
       
Asymmetric aldol reaction. The previous preparation was repeated with some 
modifications: Chiral cyclopropenimine (S)-2-(2,3-
bis(dicyclohexylamino)cyclopropenimine)-3-phenylpropan-1-ol was used with a 10 
mol% catalyst loading. The solvent was switched to toluene and the reaction was cooled 
to 0 °C and stirred for 24 h. The crude was treated with HCl to cleave the imine. This 
yielded the product in an 82% yield, and 60:40 dr. The major diastereomer was cyclized 
to the corresponding oxazolidine-2-thione for determination of enantiomeric excess by 
HPLC.18 An AD-H column was used with hexane/isopropanol as solvent. Retention 










                                                















3,4-dihydroxy-4-phenylbutan-2-one. Bis(dicyclohexylamino)cyclopropenimine (58 mg, 
0.125 mmol, 5 mol%) and benzaldehyde (0.51 mL, 5 mmol, 2 equiv.) were combined. 
Hydroxyacetone (0.17 mL, 2.5 mmol, 1 equiv.) was then added. The solution stirred at 









(20% EtOAc/hexanes) to yield both diastereomers of the title compound as a light yellow 
oil (315 mg, 1.75 mmol, 70% yield) in a ratio of 7:3 syn:anti (dr was 7:3 before and after 
column). The chemical shifts observed match those reported.19 1H-NMR (300 MHz, 
CDCl3): Major diastereomer (syn): 7.43-7.30 (m, 5H, ArH), 5.02-4.96 (m, 1H, 
PhCH(OH)-), 4.38-4.35 (m, 1H, CH(OH)CH(OH)COCH3), 3.62 (d, J=4.8, 1H, OH), 2.65 
(d, J=7.2, 1H, OH), 2.21 (s, 3H, CH3). Minor diastereomer (anti): 7.43-7.30 (m, 5H, 
ArH), 5.02-4.96 (m, 1H, PhCH(OH)-), 4.47-4.44 (m, 1H, CH(OH)CH(OH)COCH3), 3.57 
(d, J=4.8, 1H, OH), 2.72 (d, J=4.2, 1H, OH), 1.96 (s, 3H, CH3). 13C-NMR (75 MHz, 
CDCl3): 207.8, 140.1, 128.8, 128.4, 126.4, 126.3, 81.2 (anti), 80.8 (syn), 75.2 (anti) 74.3 
(syn), 27.8 (anti), 26.4 (syn).  LRMS (APCI+): exact mass calc’d for C10H12O3+ (MH+) 




Bis(dicyclohexylamino)cyclopropenimine (58 mg, 0.125 mmol, 5 mol%) and 
anisaldehyde (0.61 mL, 5 mmol, 2 equiv.) were combined. Hydroxyacetone (0.17 mL, 
2.5 mmol, 1 equiv.) was then added. The solution stirred at room temperature for 2 h. The 
compound was then purified by column chromatography (20% EtOAc/hexanes) to yield 
both diastereomers of the title compound as a light yellow oil (315 mg, 1.5 mmol, 60% 
yield) in a ratio of 65:35 syn:anti (dr was 65:35 before and after column). The chemical 
                                                









shifts observed match those reported.20 1H-NMR (300 MHz, CDCl3): Major diastereomer 
(syn): 7.36-7.30 (m, 2H, ArH), 6.93-6.89 (m, 2H, ArH), 4.93-4.89 (m, 1H, ArCH(OH)-), 
4.36-4.33 (m, 1H, CH(OH)CH(OH)COCH3), 3.81 (s, 3H, OCH3), 3.63 (d, J=5.1, 1H, 
OH), 2.63 (d, J=6.3, 1H, OH), 2.19 (s, 3H, CH3). Minor diastereomer (anti): 7.36-7.30 
(m, 2H, ArH), 6.93-6.89 (m, 2H, ArH), 4.93-4.89 (m, 1H, ArCH(OH)-), 4.43 (m, 1H, 
CH(OH)CH(OH)COCH3), 3.81 (s, 3H, OCH3), 3.51 (d, J=5.1, 1H, OH), 2.70 (d, J=4.2, 
1H, OH), 2.02 (s, 3H, CH3).   13C-NMR (75 MHz, CDCl3): 207.9, 159.8, 127.8, 127.7, 
114.2, 80.9, 74.8 (anti), 74.1 (syn), 55.5, 27.8 (anti), 26.6 (syn).  LRMS (APCI+): exact 







Cyclopentene. To bis(dicyclohexylamino)cyclopropenimine (70 mg, 0.15 mmol, 1.5 
equiv.) dissolved in EtOH (1 mL, 0.1M) was added iodocyclopentane (12 µL, 0.1 mmol, 
1 equiv.). The reaction was stirred at 50 ºC for 24 h. Because of the volatility of the 
product, benzyl ether was used as a standard for an 1H-NMR yield (95% yield). Spectral 
data match those previously reported.21  
 
                                                
20 Luo, S.; Xu, H.; Zhang, L.; Li, J.; Cheng, J. Org. Lett. 2008, 10, 653-656. 




Pudovuk phospha-Brook rearrangement 
 
       
Dimethyl-(2,2,2-trifluoro-1-phenylethyl) phosphate. To 
bis(dicyclohexylamino)cyclopropenimine (12 mg, 0.025 mmol, 10 mol%) in DMF (0.83 
mL, 0.3 M) was added trifluoroacetophenone (35 µL, 0.25 mmol, 1 equiv.) and dimethyl 
phosphite (23 µL, 0.25 mmol, 1 equiv.). The reaction was stirred for 30 m at room 
temperature. The solution was then diluted with CH2Cl2, washed with water, dried with 
sodium sulfate and then concentrated. The title compound was purified by column 
chromatography (20% EtOAc/hexanes) to yield the product as a colorless oil (59 mg, 
0.208 mmol, 83% yield). The chemical shifts observed match those reported.22 1H-NMR 
(300 MHz, CDCl3): 7.50-7.42 (m, 5H, ArH), 5.60 (m, 1H, ArCH(O-)CF3), 3.78 (d, 





To bis(dicyclohexylamino)cyclopropenimine (12 mg, 0.025 mmol, 10 mol%) in MeCN 
(0.83 mL, 0.3 M) was added cyclohexanone (26 µL, 0.25 mmol, 1 equiv.) and diethyl 
                                                
22 Makhaeva, G.F.; Aksinenko, A.Y.; Sokolov, V.B.; Serebryakova, O.G.; Richardson, 












phosphite (32 µL, 0.25 mmol, 1 equiv.). The reaction was stirred for 3 h at room 
temperature. The title compound was purified by column chromatography (50% 
EtOAc/hexanes-100% EtOAc) to yield the product as a white solid (49 mg, 0.208 mmol, 
83% yield). The chemical shifts observed match those reported.23 1H-NMR (300 MHz, 
CDCl3): 4.17 (quin, J=7.2, 4H, CH2), 2.18 (br s, 1H, OH), 1.84-1.55 (m, 10H, -(CH2)5-), 









       
2-nitro-1-(4-nitrophenyl)ethan-1-ol. To bis(dicyclohexylamino)cyclopropenimine (5 
mg, 0.01 mmol, 10 mol%) and nitrobenzaldehyde (15 mg, 0.1 mmol, 1 equiv.) in EtOAc 
(1 mL, 0.1 M) was added nitromethane (10 µL, 0.15 mmol, 1.5 equiv.). The solution was 
stirred 1 h and was then washed with 1 M HCl, dried with sodium sulfate, and 
concentrated. The title compound was purified by column chromatography (20% 
                                                







EtOAc/hexanes) to yield the product as a yellow oil (16 mg, 0.075 mmol, 75% yield). 
The chemical shifts observed match those reported.24 1H-NMR (300 MHz, CDCl3): 8.27 
(d, J=8.7, 2H, ArH), 7.63 (d, J=8.4, 2H, ArH), 5.62-5.58 (m, 1H, ArCH(OH)-), 4.60-4.57 
(m, 2H, CH2NO2), 3.23 (br s, 1H, OH). 
  
                                                
24 Kitagaki, S.; Ueda, T.; Mukai, C. Chem. Commun. 2013, 49, 4030-4032. 
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